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Chapter 1 
General introduction 
Preview 
In this chapter the two main themes of the thesis will be introduced. 
These themes comprise: cyclic 2,3-diphosphoglycerate (cDPG) and its 
position in the metabolism of methanogenic bacteria, and polyphosphate. The 
first part will be introduced with a description of methanogenic bacteria 
followed by the process of methanogenesis, synthesis of cell carbon and the 
role of cDPG in Methanobacterium thermoautotrophicum. The second part 
will deal with polyphosphates and the enzymes involved in synthesis and 
degradation of these compounds. 
1.1 Methanogenesis and the global carbon cycle 
Methanogenic bacteria are obligately anaerobic microorganisms 
involved in the terminal step of the process of anaerobic decomposition of 
organic matter. Organic material is degraded in four consecutive phases. 
Large molecular weight substances, such as polysaccharides, fats and proteins 
are hydrolyzed to monomers which subsequently are fermented to various 
products like acetate, propionate, butyrate, lactate and alcohols. Hereafter, 
acetogens oxidize most of these products to acetate, formate and carbon 
dioxide, with hydrogen as the electron sink. These products are the substrates 
for the methanogenic bacteria. The methanogenic bacteria are essential in the 
anaerobic digestion of organic matter. Since they remove hydrogen from the 
environment, thermodynamically unfavorable oxidative reactions are allowed 
to proceed (Bryant et al. 1967). In this way about 5% of the carbon fixed by 
photosynthesis is converted to atmospheric methane. Eventually, methane is 
oxidized to carbon dioxide which again becomes available for photosynthesis 
(Vogels 1979). 
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1.2 Methanogenic bacteria 
All living organisms can be divided into three primary kingdoms, 
eucarya, eubacteria and archaea. The methanogens belong, together with the 
extreme halophiles and extreme thermophiles, to the archaea. Archaea can be 
separated from the eucarya and eubacteria on the basis of a number of 
specific properties. The membranes contain lipids consisting of ether-linked 
isoprenoids, such as phytanol and C^ poly-isoprenoids (Langworthy et al. 
1982; Sehgal et al. 1962). In addition, the cell wall does not contain murein 
(peptidoglycan)(Kandler 1982). Archaeal cell walls are composed of proteins, 
glycoproteins or polysaccharides (Kandier and Hippe 1977; Kandier and 
König 1978; König and Kandier 1979). Due to the lack of murein, archaea 
are resistant to the antibiotics which intervene in cell wall synthesis like 
vancomycine and penicillin (Hilpert et al. 1981, Zillig et al. 1982b). 
Furthermore, archaea contain DNA-dependent RNA-polymerases which are 
insensitive to the antibiotics rifampicin and streptolydigine which completely 
inhibit eubacterial RNA-polymerases (Zillig et al. 1982a and 1985). Besides 
these unique properties, archaea share some properties with either the 
eubacteria or the eucarya. For instance, the patterns of RNA-polymerases of 
archaea on SDS-PAGE are similar to those of eucarya, but are very different 
from those of eubacteria (Zillig et al. 1985). 
Within the archaea methanogenic bacteria are a metabolically distinct, 
yet diverse group. Until now, over 80 species have been isolated in pure 
cultures. Morphologically methanogens occur as rods, cocci, packets of cocci 
(sarcinas), filaments and spirilla. On the basis of rRNA sequence comparison 
(Balch et al. 1979; Whitman 1985), cell wall chemical analysis (Kandier 
1982) and immunological cross-reactivities (Macario and Conway de Macario 
1985), the species have been divided over three main orders, the 
Methanobacteriales, Methanococcales and the Methanomicrobiales. Their 
habitat is also very broad. In practically every place where anaerobic 
biodégradation of organic matter occurs methanogens are present, such as 
freshwater and marine sediments, anaerobic waste digestors and in the 
digestive and intestinal tract of animals and insects (Jones et al. 1983b; Miller 
et al. 1982; Smith and Hungate 1958; Zeikus and Wolfe 1972). But also in 
more extreme environments methanogens have been found, including glacier 
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Table 1. Conversion reactions of methanogenic substrates (Vogels et al. 1987). 
AG0' (kJ/mol CH4) 
C02 + 4H2 
4HCOOH 
4CO + 2H20 
CH3COOH 
4CH3OH 
4CH,NH2 + 2H20 
2(CH3)2NH + 2H20 
4(CH3),N + 6H20 
CH4 + 2H20 -130.4 
CH4 + 3C02 + 2H20 -119.5 
CH4 + 3C02 -185.5 
CH4 + C02 -32.5 
3CH4 + C02 + 2H20 -103 
3CH4 + C02 + 4NH3 -74 
3CH4 + C02 + 2NH3 -74 
9CH4 + 3C02 + 4NH, -74 
ice, geothermal springs and deep-sea thermal vents (Berner et al. 1975; Huber 
et al. 1982; Jones et al. 1983a; Stetter et al. 1981). 
The common property of methanogens is their capability to make 
methane. Therefore, methanogens use a unique set of coenzymes, that either 
are absent or only scarcely encountered in other microorganisms (Wolfe 
1985). Growth of methanogens is limited to a number of C,-compounds and 
acetate (Table 1). The common substrate is H2/C02. Only few specialized 
"methylotrophs" are unable to grow on this substrate. About half of the 
species is able to grow on formate. The Methanosarcina species are the most 
versatile and can utilize H2/C02, acetate, methanol, methylamines and CO. 
Recently, new methanogens were isolated, which were able to convert some 
novel substrates: methylsulfide, dimethylsulfide and secondary alcohols 
(Oremland et al. 1989; Widdel et al. 1988). Secondary alcohols are only used 
as electrondonors. The organism studied in this thesis is M. thermoauto-
trophicum (strain ΔΗ), a thermophilic chemolithoautotroph, solely growing on 
H2/C02 without the need of growth factors (Zeikus and Wolfe 1972). 
1.3 The biochemistry of methanogenesis 
The process of methanogenesis has been studied quite extensively and 
the studies revealed a common pathway in the conversion of the different 
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substrates, which has been described in a number of reviews (Ferry 1992; 
Keltjens and Van der Drift 1986; Keltjens et al. 1990; Thauer 1990; Weiss 
and Thauer 1993; Wolfe 1992). Methanogenesis from hydrogen and carbon 
dioxide to methane will be briefly discussed (Fig. 1.). During the process the 
carbon is bound to three different C,-carriers. In the first step the carbon 
dioxide is reduced and bound to the first С,-carrier, named methanofuran 
(MFR), forming formyl-methanofuran. Hereafter, the formyl group is 
transferred through the action of formylmethanofuran:H4MPT formyl 
transferase to the next C,-carrier, 5,6,7,8-tetrahydromethanopterin (H4MPT). 
5-formyl-H4MPT is subsequently dehydrated by 5,10-methenyl-H4MPT 
cyclohydrolase, yielding 5,10-methenyI-H4MPT. In the next two steps the C, 
moiety remains bound to H4MPT and is reduced to 5,10-methylene-H4MPT 
and 5-methyl-H4MPT by 5,10-methylene-H4MPT dehydrogenase and 5,10-
co2 
MFR i 2[H] 
H4MPT-
MFR*-
formyl-MFR 
formyl-H^MPT 
H^MPT-
methenyl-H^MPT 
methytene-H.MPT 
I — 
methyl-RMPT 
λ 
•2[H] 
-2[H] 
•HS-CoM-
— H S - H T P -
-CoM-S-S-HTP 
2[H] ifi, 
[methyl-B^HBI] 
—1 
CH3S-CoM 
= 3 
Pig. 1. С ι-carriers involved in methanogenesis from H2 and C02. MFR, 
methanofuran; H4MPT, 5,6,7,8-tetrahydromethanoplerin; HS-CoM, coenzyme 
M; HS-HTP, 7-mercaptoheptanoylthreonine phosphate. 
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methylene-H4MPT reductase, respectively. Prior to reduction to methane the 
methyl group is transferred from methyl-H4MPT to the last C^-carrier, 2-
mercaptoethanesulfonic acid (coenzyme M, HS-CoM), to yield methyl 
coenzyme M (CH3S-CoM). The methyl group transfer reaction is catalyzed 
by a membrane-bound, 5-hydroxybenzimidazolyl cobamide (B,2HBI) -
containing protein complex and is accompanied with the extrusion of sodium 
ions out of the cell. In the terminal step of methanogenesis CH3S-CoM is 
reduced by 7-mercaptoheptanoylthreonine phosphate (HS-HTP) forming CH4 
and the heterodisulfide of HS-CoM and HS-HTP (CoM-S-S-HTP). The latter 
is subsequently reduced to HS-HTP and HS-CoM. Both reactions are very 
intricate and require a complex system of enzymes. The energy released 
during thermodynamically favorable CoM-S-S-HTP reduction is used to 
pump protons across the cell membrane. The sodium- and proton-motive 
forces created in the methyl transferase and CoM-S-S-HTP reductase 
reactions, are utilized to drive chemiosmotic ATP synthesis. 
1.4 Cell carbon synthesis 
ATP produced during the process of methanogenesis can be used for 
cell carbon synthesis. Many methanogenic bacteria grow autotrophically, i.e. 
the microorganisms derive their cell carbon from C02. In M. thermoauto-
trophicum and Methanosarcina barken cell carbon synthesis occurs only via 
the activated acetic acid or acetyl-CoA pathway (Fig. 2). The pathway seems 
to be a common one, since it has also been established for other 
methanogenic bacteria (Fuchs 1990; Fuchs et al. 1992). The formation of 
acetyl-CoA requires the separate reduction of two C02 molecules. The first 
C02 molecule is reduced via the methanogenic route to methyl-H4MPT and 
delivers the methyl moiety of acetyl-CoA. The second C02 molecule is 
reduced to the carbonyl level through the action of CO dehydrogenase/acetyl-
CoA synthetase. Hereafter, the enzyme catalyzes the condensation of the 
methyl and carbonyl units and coenzyme A (HS-CoA) to acetyl-CoA. This 
autotrophic pathway is very similar to the total synthesis of acetate from C0 2 
in homoacetogenic bacteria. In these organisms acetyl-CoA is the energy-rich 
intermediate (Diekert 1990; Ragsdale 1991). 
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Fig. 2. Cell carbon synthesis via the acetyl-CoA patway in methanogens. Mi. 
barkeri uses the tricarboxylic acid cycle in an oxidative way ( ). 
Acetyl-CoA is reductively carboxylated to pyruvate (Fuchs and 
Stupperich 1980, 1982). Pyruvate is converted to phosphoenolpyruvate (PEP) 
through the action of PEP synthetase (Eyzaguirre et al. 1982). From this 
point PEP can be used for either the tricarboxylic acid pathway or 
gluconeogenesis. 
PEP enters the tricarboxylic acid cycle by the carboxylation to 
oxaloacetate (Kenealy and Zeikus 1982). In M. thermoautotrophicum 
oxaloacetate is reductively converted to eventually α-ketoglutarate. In M. 
barkeri the cycle is operative in the oxidative direction (Fuchs and Stupperich 
1984; Hemming and Blotevogel 1985). However, in none of the 
methanogenic bacteria studied the tricarboxylic acid cycle is complete. 
Gluconeogenesis starts with the enolase-catalyzed conversion of PEP to 
2-phosphoglycerate (2-PG). Subsequently, phosphoglycerate mutase catalyzes 
the conversion of 2-PG into 3-phosphoglycerate (3-PG). 3-PG is phos-
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phorylated and reduced to glyceraldehyde-3-phosphate (GAP) by phospho-
glycerate kinase and glyceraldehyde-3-phosphate dehydrogenase, respectively 
(Jansen et al. 1982). GAP and dihydroxyacetone-3-phosphate (DHAP) are 
interconverted by triosephosphate isomerase. Hereafter, GAP and DHAP are 
condensed by fructose-biphosphate aldolase to form fructose-1,6-biphosphate. 
Finally, glucose-6-phoshate, formed via fructose-6-phosphate, can be further 
used for the synthesis of carbohydrate-containing cell components, like 
pseudomurein (Fuchs et al. 1983). At the level of phosphoglycerate cyclic 
2,3-diphosphoglycerate (or 2,3-cyclopyrophosphate) interacts with the 
gluconeogenetic route. 
1.5 Cyclic 2,3-diphosphoglycerate 
Cyclic 2,3-diphosphoglycerate (cDPG) is a derivative of 2,3-
diphosphoglycerate (2,3-DPG) in which both phosphate groups are connected 
by a phospho-anhydride bond to yield a 7-membered ring (Kanodia and 
Roberts 1983; Seely and Fahrney 1983, 1984a) (Fig. 3). The presence of this 
compound is restricted to certain methanogenic bacteria belonging to the 
genera Methanobacterium, Methanobrevibacter, Methanothermus, Methano-
sarcina, Methanosphaera and Methanopyrus where it occurs in concentrations 
ranging from 2 mM to as high as 1.1 M (Hensel and König 1988; Huber et 
al. 1989; Rudnick et al. 1990; Tolman et al. 1986). 
Though the presence of cDPG seems to be restricted to certain 
(A) HC 
COO" 
I 
HC ΟΡΟ. 
ι 
I 2 C OPO3 
COO" 
1 
(B) не — 
H2C 
0 .0 
I I / 
O P \ 
> 
OP С 
II \ 0 о 
Fig. 3. Structures of (A) 2,3-diphosphoglycerate (2,3-DPG) and (B) cyclic 2,3-
diphosphoglycerate (cDPG). 
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methanogenic bacteria, somewhat similar compounds have been found in 
other organisms. Glycerol- 1,2-cyclic phosphate was isolated from centric 
diatoms (Boyd et al. 1987a, b). It appears to be a major metabolite and may 
be involved in phospholipid biosynthesis or degradation. A comparable 
compound, 1,3-cyclic glycerophosphate, could be formed from 
phosphatidylglycerol by phospholipase С (from Bacillus cereus) (Shinitzky et 
al. 1993). In Brevibacterium ammoniagenes and Micrococcus luteus another 
cyclopyrophosphate was found. It was synthesized in concentrations up to 50 
mM in response to oxidative stress and could be identified as 2-methyl-
l,2,3,4-tetrahydroxybutane-2,4-cyclopyrophosphate (Ostrovsky et al. 
1992a, b). The same compound was found and identified in Desulfovibrio 
species and identified in several strains of Acinetobacter (Santos et al. 1991; 
Turner et al. 1992). 
Unlike these cyclic compounds, cDPG has been quite extensively 
studied. However, the function of cDPG is still not clear. It is thought to act 
in the storage of phosphate (Seely and Fahmey 1983), cell carbon (Evans et 
al. 1985; Seely and Fahmey 1984b) or energy (Gorris et al. 1990; Kanodia 
and Roberts 1983). In addition, it may play a role in the thermostabilization 
of proteins in extremely thermophilic bacteria (Hensel and König 1988). 
Recent NMR studies suggested that cDPG also can function as the precursor 
of some (insoluble) polymer which in its place may serve as the starting 
point for the synthesis of amino acid precursors (Gorkovenko and Roberts 
1993). 
The content of cDPG in M. thermoautotrophicum depends on the 
growth conditions. The availability of inorganic phosphate (Pi) and K+ 
apparently determines the internal concentration of cDPG. In batch cultures 
grown with excess of Pi and K+, the availability of the energy source, 
hydrogen, is the limiting factor. Under the latter conditions, cDPG 
concentrations in the organism can be as high as 194-197 umol/g dry weight 
(Seely and Fahmey 1984a; Seely et al. 1983). In Pi- or K+-limited continuous 
cultures the cDPG content is much lower, 16 and 67 umol/g dry weight, 
respectively (Krueger et al. 1986c). Addition of phosphate or K+ resulted in 
an immediate increase in both cDPG and intracellular K+ before the shift up 
in growth rate occurred. So it seems that M. thermoautotrophicum has 
developed a growth strategy in which growth is uncoupled from nutrient 
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/ \ H I г © 
3-PG = 2-PG = = PEP γ^Ρ PYRUVATE 
(D © AMP ATP 
-Pi 
Flg. 4. cDPG biosynthesis and hydrolysis related to the intermediary cell 
carbon (C3-) metabolism in M. thermoautotrophicum. The numbers refer to the 
following enzymes: 1, cyclic 2,3-diphosphoglycerate hydrolase; 2, proposed 
2,3-diphosphoglycerate phosphatase; 3, phosphoglycerate muíase; 4, enolase; 5, 
phosphoenolpyruvate synthetase; 6, 2-phosphoglycerate kinase; 7, cyclic 2,3-
diphosphoglycerate synthetase. 
uptake in order to allow stockpiling of these nutrients. It also appeared that 
cDPG and K+ accumulation are interlocked and that K+ is required for 
balancing the -3 charge of cDPG (Krueger et al. 1986c). In addition, it was 
found that hydrogen is needed for cDPG to accumulate (Seely and Farhney 
1984b). The hydrogen dependency is probably restricted to the Pi-uptake 
system of M. thermoautotrophicum. Without hydrogen Pi cannot be 
accumulated from the environment and incorporated into cDPG (Krueger et 
al 1986b). 
After Pi-uptake the phosphate is actively incorporated into cDPG. The 
conversion could be followed with 3IP and 13C NMR. While a phosphate and 
carbon flux through cDPG was found, the cDPG concentration - as monitored 
by 31P NMR spectroscopy - remained constant (Evans et al. 1985, 1986b; 
Krueger et al. 1986a). This implies that cDPG synthesis and degradation 
simultaneously take place in a balanced way. Furthermore, it could be 
demonstrated with l3C NMR that C02, acetyl-CoA and pyruvate are 
precursors of cDPG. A definite link with the carbohydrate metabolism was 
established by the finding that [l-13C]glucose fed to cells resulted in the 
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exclusive formation of [3-l3C]cDPG (Evans et al. 1985, 1986b). This was 
substantiated by 13C NMR spectroscopy in which a carbon flux from C02 via 
cDPG and 2,3-DPG to carbohydrate could be demonstrated (Evans et al. 
1986a). 
The above experiments do not conclude on the enzymatic reactions 
involved in cDPG synthesis and degradation. In Methanothermus fervidus 
enzymatic biosynthesis was elucidated. cDPG was formed from 2-PG via 2,3-
DPG through the action of 2-phosphoglycerate kinase and cDPG synthetase, 
respectively (Lehmacher et al. 1990). The enzymes were ATP and Mg2+ 
dependent and were stimulated by K+. Both reactions were unidirectional and 
oxygen insensitive. Lehmacher et al. (1990) were unable to demonstrate 
conversion of cDPG in M. fervidus. On the other hand cDPG degradation was 
shown in M. thermoautotrophicum, but no synthesis could be demonstrated. 
An enzyme involved, cDPG hydrolase, which hydrolyzed the pyrophosphate 
bond was purified as a soluble 33 kDa protein (Sastry et al. 1992). The 
enzyme was insensitive to oxygen and was stimulated by 1 M KCl, 25 mM 
MgCl2 and dithiothreitol (DTT). If one assumes that cDPG synthesis and 
degradation in M. thermoautotrophicum and in M. fervidus take place by 
conserved routes and that synthesis and degradation are catalyzed by different 
enzymes one can link cDPG metabolism to the gluconeogenesis as proposed 
in Fig. 4. 
2.1 Polyphosphate metabolism 
Most of the phosphate in M. thermoautotrophicum is present as cyclic 
2,3-diphosphoglycerate. However, a more common way for phosphate storage 
are polyphosphates. Polyphosphates (Poly-P) are linear polymers of inorganic 
orthophosphates which are linked by energy-rich phospho-anhydride bonds. 
The length of these polymers may range from two residues (pyrophosphate, 
PPi) to more than 1000 residues (Kulaev 1979). 
Poly-P has been detected in a wide variety of microorganisms, such as 
eubacteria, fungi, algae, mosses and protozoa as well as in various tissues of 
higher plants and animals (Kulaev 1979). Until now, the presence of poly-P 
has been reported for only few archaea. Poly-P was detected in Methano-
ls 
spirillum hungatei (Tolman et al. 1986) and Methanosarcina /risia (Rudnick 
et al. 1990). In addition, polyphosphate-like bodies were observed in different 
Methanosarcina species (Scherer and Bochem 1983) and were isolated from 
M. barken (Scherer et al. 1990). However, in M. thermoautotrophicum (strain 
ΔΗ) polyphosphates have not been found yet. 
2.2 Enzymes of polyphosphate metabolism 
Over the years, several enzymes have been described that are involved 
in polyphosphate synthesis or polyphosphate degradation (Table 2) (Harold 
1966; Kulaev 1979; Kulaev and Vagabov 1983; Wood and Clark 1988). 
Polyphosphates are high-energy rich compounds. It is obvious that 
sufficient amounts of phosphorus and energy must be present in the cells to 
allow polyphosphate synthesis. One of the first enzymes shown to be 
involved in polyphosphate synthesis is polyphosphate kinase (polyphosphate: 
ADP phosphotransferase). This enzyme which catalyzes the reversible 
transfer of the high energy phosphate residue from ATP to polyphosphate 
(equation 1), has been detected in several microorganisms, including yeast 
(Yoshida and Yamataka 1953), Corynebacterium xerosis (Muhammed 1961), 
Propionibacterium shermanii (Robinson et al. 1987) and Escherichia coli 
(Ahn and Kornberg 1990). Poly-P is also synthesized by 1,3-
diphosphoglycerate: polyphosphate phosphotransferase (equation 2). The 
enzyme was first detected in Neurospora crassa and catalyzes the transfer of 
a high-energy phosphoryl group from 1,3-diphosphoglycerate to 
polyphosphate (Kulaev and Bobyk 1971). In addition, 1,3-diphosphoglycerate: 
polyphosphate phosphotransferase has been found in E. coli (Nesmeyanova et 
al. 1973), P. shermanii (Kulaev 1979) and Bdellovibrio bacteriovorus (Bobyk 
et al. 1980). Yet, the status of the enzyme seems doubtful, because the 
enzyme was never purified and enzyme activities were low and 
irreproducable (Wood and Goss 1985). Recently, another route for 
polyphosphate synthesis was found. It appeared that polyphosphate synthesis 
was coupled with the synthesis of mannan in yeasts. The enzyme involved, 
dolychylpyrophosphate: polyphosphate (DolPP:PolyP) phosphotransferase, 
catalyzed the transfer of the ß-phosphate from dolychylpyrophosphate to 
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Table 2. Enzymes involved in synthesis and degradation of polyphosphates. 
Equation enzyme reaction 
Synthesis of polyphosphates 
1 
2 
3 
4 
5 
6 
7 
8 
polyphosphate kinase 
(EC 2.7.4.1) 
1,3-diphosphogIycerate: 
polyphosphate phospho­
transferase (EC 2.7.4.17) 
polyphosphate glucokinase 
(EC 2.7.1.63) 
polyphosphate: AMP 
phosphotransferase 
(EC 2.7.-) 
endo-polyphosphatase 
(EC 3.6.1.10) 
exo-polyphosphatase 
(EC 3.6.1.11) 
tripolyphosphatase 
(EC 3.6.1.25) 
pyrophosphatase 
(EC 3.6.1.1) 
ATP+ PP„ 
1,3-DPG +PP„ 
<=> 
<=> 
Degradation of 
glucose + PP„ 
PP„ + AMP 
PP„ + H 2 0 
PP„ +н 2о 
PPPi + н 2 о 
PPi + н 2 о 
-» 
-> 
-» 
-> 
—» 
-» 
ADP+ PP
n+l 
3-PG+ PP„tl 
polyphosphates 
glucose-6-P + PP„., 
PP„., + ADP 
P P « +PP, 
PP„-. + Pi 
PPi + Pi 
2Pi 
polyphosphate (Kulaev 1990). 
Several enzymes have been found that degrade polyphosphate. The 
phosphorylation of glucose by polyphosphate is catalyzed by polyphosphate 
glucokinase (polyphosphate:D-glucose-6-phosphate phosphotransferase), 
(equation 3). The enzyme is present in several bacteria, including Myxococcus 
coralloides (González et al. 1990), P. shermanii (Pepin and Wood 1987), C. 
xerosis (Dirheimer and Ebel 1968) and Propionibacteria (Wood and Goss 
1985). Another enzyme involved in the degradation of polyphosphate is 
polyphosphate: AMP phosphotransferase (equation 4). Poly-P is degraded 
with AMP to form ADP. The enzyme is found in corynebacteria (Kulaev 
1979), mycobacteria (Kulaev 1979) and strains of Acinetobacter (Kämpfer 
1992; Van Groenestijn et al. 1989; Vasiliadis et al. 1990). 
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Polyphosphate can also be hydrolyzed by endo- and exo-polyphos-
phatases. Endo-polyphosphatase, or polyphosphate polyphosphohydrolase 
(polyphosphate depolymerase) splits within the polyphosphate chain to yield 
smaller poly-P fragments (equation 5). Exo-polyphosphatase or polyphosphate 
phosphohydrolase (polyphosphatase) hydrolyzes a terminal phosphate residue 
from each poly-P molecule (equation 6). Polyphosphatases are found in 
numerous organisms (Kulaev and Vagabov 1983) and have been isolated 
from several eucaryotes and procaryotes like Saccharomyces cerevisiae 
(Felter et al. 1970), Endomyces magnusii (Afanas'eva et al. 1976), 
Saccharomyces carlsbergensis (Kulaev 1990), N. crassa (Umnov et al. 1975), 
С. xerosis (Muhammed et al. 1959) and Acinetobacter johnsonii (Bonting 
1993). This type of exo-polyphosphatase preferentially uses high-molecular 
weight poly-P. Reactivity decreases with decreasing chain lengths. A second 
type of exo-polyphosphatase shows the highest specificity with 
tripolyphosphate (PPPi), which is hydrolyzed into inorganic pyrophosphate 
and Pi (equation 7), and reaction rates decrease with increasing chain lengths. 
This type of enzyme is commonly referred to as tripolyphosphatase (PPPi-
ase). Since PPPi can also be a product of biosynthetic reactions, PPPi-ase not 
necessarily has to be involved in polyphosphate metabolism. PPPi-ase is 
found in many organisms (Kulaev 1979) including some bacteria as Nocardia 
erythropolus (Eroshina et al. 1980), Tuberoidobacter mutans (Kulaev and 
Vagabov 1983), Renobacter vacuolatum (Kulaev and Vagabov 1983), E. coli 
(Nesmeyanova et al. 1975), Streptomyces levons (Zyuzina et al. 1981), В. 
bacteriovorus (Bobyk et al. 1980) and in the parasitic fungus Phytophthora 
infestons (Sysuev et al. 1978). 
Other polyphosphate-degrading enzymes of minor importance that may 
be detected in microorganisms are polyphosphate depolymerase, polyphos-
phate-dependent NAD kinase, polyphosphate fructokinase, polyphosphate 
mannokinase and polyphosphate gluconate kinase (Kulaev 1979; Kulaev and 
Vagabov 1983). 
The smallest form of polyphosphate is pyrophosphate (PPi). PPi is 
specifically hydrolyzed to two phosphates by inorganic pyrophosphatase (PPi-
ase) (equation 8). PPi-ases have been isolated from various microorganisms 
(Hachimori et al. 1975; Kunitz and Robins 1961; Lahti and Niemi 1981; 
Tominaga and Mori 1977; Wakagi et al. 1992; Ware and Postgate 1971). On 
Ή 
the basis of subunit structure and cellular localization the enzyme can be 
divided into two categories: membrane-bound PPi-ase and cytoplasmic PPi-
ase (Wakagi et al. 1992). Membrane-bound PPi-ases couple electron transport 
to the synthesis of pyrophosphate. In this way the enzyme functions in energy 
metabolism (Kukko-Kalske and Heinonen 1985; Lahti 1983). Cytoplasmic 
PPi-ases generally are oligomeric proteins consisting of identical subunits 
(Bonting 1993; Hachimori et al. 1975; Lahti and Niemi 1981; Richter et al. 
1992; Tominaga and Mori 1977; Verhoeven et al. 1986; Wakagi et al. 1992; 
Wong et al. 1970). Like PPPi, PPi has not necessarily to be involved in the 
polyphosphate metabolism. PPi is formed in a variety of nucleoside 
triphosphate-dependent reactions such as deoxyribo- and ribonucleic acid 
polymerization, coenzyme synthesis and the activation of amino acids and 
fatty acids. The compound is known to inhibit various enzymic reactions 
(Kukko-Kalske and Heinonen 1985), and as a consequence it has to be 
utilized very rapidly. 
OUTLINE OF THE THESIS 
Although much research has been done on phosphate metabolism in 
general, our knowledge with respect to the archaea is limited. It was our aim 
to investigate this metabolism in the methane bacterium M. thermoauto-
trophicum (strain ΔΗ). AS mentioned the archaeon stores a unique compound, 
cyclic 2,3-diphosphoglycerate (cDPG), in high concentrations. However, 
details on the way cDPG is synthesized and degraded and its precise function 
were largely unknown. 
In Chapter 2 an ion-exchange chromatographic system is described 
which enables the simultaneous identification and quantification of the 
intermediates thought to be involved in the cDPG metabolism i.e. pyruvate, 
phosphate, phosphoglycerate, phosphoenolpyruvate (PEP), 2,3-diphospho­
glycerate (2,3-DPG) and cDPG. This system is used to investigate the 
enzymatic conversions of intermediates involved in the cDPG metabolism. 
In Chapter 3 a novel route of ATP synthesis by cell-free extract is 
elucidated. ATP appears to be synthesized from an internal substrate, 2,3-
DPG. 2,3-DPG is converted to pyruvate via 3-PG, 2-PG and PEP. In the last 
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step PEP is converted to pyruvate with the simultaneous synthesis of ATP. 
The hydrolysis of cDPG is investigated in Chapter 4. The enzyme 
involved, cDPG hydrolase, catalyzes the hydrolysis of cDPG to 2,3-DPG. The 
membrane-bound enzyme is partially purified and characterized. 
The synthesis of cDPG from 2,3-DPG by cDPG synthetase is 
investigated in Chapter 5. cDPG synthetase activities are determined in fed-
batch and continuous culture. In addition, the enzyme is partially purified and 
characterized. Furthermore, the regulation of the cDPG metabolism will be 
discussed. 
It was interesting to find out if, besides cDPG, polyphosphates play a 
role in M. thermoautotrophicum. Therefore, attempts are made to isolate 
polyphosphate (Chapter 6). No polyphosphate could be detected. The 
organism nevertheless contains a polyphosphatase that is partially purified 
and characterized. It appears to be very specific for tripolyphosphate and in 
that respect the enzyme can better be denoted a tripolyphosphatase. 
In addition, inorganic pyrophosphatase from M. thermoautotrophicum 
is purified to homogeneity and characterized (Chapter 7). The possible role of 
pyrophosphatase in the phosphate metabolism is discussed. 
Finally, in Chapter 8 the results are summarized and final conclusions 
are drawn about the phosphate metabolism in M. thermoautotrophicum (strain 
ΔΗ). 
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Chapter 2 
Quantification of intermediates involved in the cyclic 2,3-
diphosphoglycerate metabolism of methanogenic bacteria by 
ion-exchange chromatography 
Gert-Jan W.M. van Alebeek, John M.H. Hermans, Jan T. Keltjens, and Godfried 
D. Vogels 
Department of Microbiology, Faculty of Science, University of Nijmegen, 
Toemooiveld 1, NL-6525 ED Nijmegen, The Netherlands 
(Published in the Journal of Chromatography 1992, 606: 65-71) 
ABSTRACT 
A novel method was developed to quantify the intermediates involved in 
the cyclic 2,3-diphosphoglycerate metabolism i.e. cyclic 2,3-diphosphoglycerate 
(cDPG), 2,3-diphosphoglycerate (2,3-DPG), 2-phosphoglycerate (2-PG), 
3-phosphoglycerate (3-PG), phosphoenolpyruvate (PEP), pyruvate and 
phosphate. The method consists of an ion-chromatographic separation followed 
by conductivity- and UV-detection. In a single run (41 min) all compounds were 
readily resolved, except for 2- and 3-PG. Concentrations down to 10-20 uM and 
up to 1.0-1.5 mM can be accurately determined. The method was suitable for 
the analysis of cell-free extract and for the determination of enzymic conversions 
of the compounds involved. It was found to be reliable and faster than 
isotachophoresis or enzymic determination. 
Ή 
INTRODUCTION 
Cyclic 2,3-diphosphoglycerate (cDPG) is a 2,3-diphosphoglycerate (2,3-
DPG) derivative in which both phosphate groups are connected by a phosphoric 
anhydride binding (Kanodia and Roberts 1983; Seely and Fahmey 1983; Seely 
and Fahmey 1984a). The occurrence of cDPG in nature is restricted to 
methanogenic bacteria belonging to the genera Methanobacterium, 
Methanobrevibacter, Methanothermus, Methanosarcina and Melhanosphaera 
(Gorris et al. unpublished results; Hensel and König 1988; Tolman et al. 1986). 
In these organisms the compound may be present in concentrations from 2 mM 
to as high as 1.5 M (Krueger et al. 1986a, b; Rudnick et al. 1990; Seely and 
Fahmey 1984a, b). The function of cDPG is not completely clear and the 
compound is suggested to act in storage of energy (Gorris et al. 1990; Kanodia 
and Roberts 1983; Van Alebeek et al. Chapter 3), phosphorus (Seely and 
Fahmey 1983) or cell carbon (Lehmacher et al. 1990; Seely and Fahmey 
1984b). As the in vivo counter ion of potassium, cDPG may also play a role in 
thermostabilization of proteins in extremely thermophilic organisms (Hensel and 
König 1988). cDPG is synthesized and degraded as shown in Fig. 1 (Lehmacher 
et al. 1990; Van Alebeek et al. Chapter 3). 
cDPG 
° I КГ » 
2,3-DPG 
3-PG = = 2-PQ ^ = = PEP ==^F PYRUVATE 
(D © AMP ATP 
•Pi 
Fig. 1. cDPG biosynthesis and degradation related to the intermediary cell carbon 
(C3-) metabolism in M. thermoautotrophicum (Van Alebeek et al. Chapter 3). The 
numbers refer to the following enzymes: 1, cyclic 2,3-diphosphoglycerate 
hydrolase; 2,2,3-diphosphoglycerate phosphatase; 3, phosphoglycerate mutase; 4, 
enolase; 5, phosphoenolpyruvate synthetase; 6, 2-phosphoglycerate kinase; 7, 
cyclic 2,3-diphosphoglycerate synthetase. 
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To come to a better understanding of the cDPG metabolism and the 
potential regulation of the metabolism, suitable analysis techniques are required 
for cDPG and its cellular precursors and metabolites. After acid hydrolysis of 
cDPG into 2,3-DPG, the compound may be analyzed enzymically (Seely and 
Fahmey 1984a). Enzymic methods are also available for the other compounds 
shown in Fig. 1. The methods, however are laborious and time-consuming; each 
component requires a separate analysis. A number of these drawbacks may be 
overcome by isotachophoresis (Gorris et al. 1990; Van Alebeek et al. 
Chapter 3), which enables the simultaneous analysis of the relevant compounds. 
The technique, however, still may be slow and is tedious to handle. As an 
alternative, this paper describes the use of ion-exchange chromatography 
connected with a background suppressor system for the identification and 
quantification of the compounds involved in the cDPG metabolism. 
EXPERIMENTAL 
Chemicals 
ATP was purchased from Boehringer GmbH (Mannheim, FRG). TES (N-
Tris(hydroxymethyl)methyl-2-aminoethanesulfonate), 2,3-diphosphoglycerate 
(2,3-DPG), 2-phosphoglycerate (2-PG), 3-phosphoglycerate (3-PG) and 
phosphoenolpyruvate (PEP) were obtained from Sigma Chemical Co. (St. Louis, 
MO, USA). TRIS (Tris(hydroxymethyl)-aminomethane), KCl, MgCl2, oxalate 
and pyruvate were from Merck Biochemica (Darmstadt, FRG). K2HP04, NaOH 
(analyzed reagent) and H 2 S0 4 (instra-analyzed reagent) were purchased from 
J.T.Baker (Deventer, NL). Cyclic 2,3-diphosphoglycerate (cDPG) was purified 
as described before (Gorris et al. 1990). The concentration was determined after 
acid hydrolysis into 2,3-DPG and subsequent enzymic analysis (Seely and 
Fahrney 1984a. Gases were from Hoek-Loos (Schiedam, NL) and were made 
oxygen-free by passage over a prereduced BASF R3-11 at 150°C or a BASF 
RO-20 catalyst at ambient temperature for hydrogen-free and 
hydrogen-containing gases, respectively. The catalysts were a gift of BASF 
(Ludwigshafen, FRG). 
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Fig. 2. Ion-chromatograms of a standard mixture (A and B) and of a cell-free extract of M. 
thermoautotrophicum (C). Separation was performed as described in the Experimental section; 
detection took place by conductivity (A and C) or by UV (215 nm) absorption (B). Peaks 
arose from: acetate (1); pyruvate (2); chloride (3); oxalate (4); phosphate (5); 2-
phosphoglycerate (6); phosphoenolpyruvate (7); cyclic 2,3-diphosphoglycerate (8) and 
2,3-diphosphoglycerate (9). Standards were present at a concentration of 0.5 mM (20 μ1 
injection volume) except chloride and acetate. Cell-free extract was diluted forty-fold and 
heat-denatured as described in the Experimental section. No internal standard was added. 
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Ion-exchange chromatography 
Separation and quantification of cDPG, 2,3-DPG, 2-PG (and 3-PG), PEP, 
pyruvate and Pi was performed with a HP 1050 Ti automated gradient system 
consisting of a gradient pump, an autosampler, UV-detector and an AD 
converter (interface 35900), which translated the signal of the Pulsed 
Electrochemical Detector (Conductivity Mode; Dionex) to the computer. The 
system was controlled with a HPLC ChemStation (DOS series). 
Samples (20μ1) were injected by means of an autosampler on an Ionpac 
Α05Α-5μ guard column (Dionex P/N 037134; 4x50 mm) connected to an 
Ionpac AS5Α-5μ anion-exchange analytical column (Dionex P/N 037131 ; 4x250 
mm). The column material (capacity, 35 μες) contains an alkanol quaternary 
amine functional group linked to a latex (polyacrylate) matrix. Elution was 
performed at ambient temperature; the elution rate was 1 ml/min. Separation 
took place by a linear gradient in 23 min of 0.75 mM NaOH (pH 10.67) to 
120.75 mM NaOH (pH 13.07). Hereafter, NaOH was kept at 120.75 mM for 5 
min. Following a 0.1-minute gradient to 0.75 mM NaOH and a 13-min 
equilibration at 0.75 mM NaOH, the next sample could be injected. Eluents were 
passed through an anion trap column (ATC-1, P/N 037151) placed before the 
injector to remove carbonate from the buffer. The compounds to be analyzed 
were detected with a Dionex conductivity detector set at 30 μ$ full scale and 
with an UV-detector set at a wavelength of 215 nm. The conductivity caused by 
OH" was suppressed by means of an anion micromembrane suppressor (AMMS, 
P/N 038019) with a 25 mM sulfuric acid régénérant set at a flow rate of 20 
ml/min. 
Standard solutions in the range of 0.05 to 1.5 mM were prepared in milli-
Q water and contained 0.5 mM oxalate as an internal standard. Samples of 20 
μΐ were injected on the column. Calibration graphs were constructed by plotting 
the area against the amount (external standard) or by plotting the area response 
ratio against the amount ratio (internal standard). 
Organism and enzyme preparation 
Methanobacterium thermoautotrophicum (strain ΔΗ) (DSM 1053) was 
cultured on a defined medium (Schönheit et al. 1979) under 80% hydrogen/20% 
carbon dioxide in a 300 liter fermentor as documented before (Van Beelen et al. 
1983). Cells were harvested under nitrogen with a Sharpies continuous 
Я5 
centrifuge and stored at -70°C. Preparation of cell-free extract occurred under 
strictly anaerobic conditions as described before (Van Alebeek et al. Chapter 3). 
Dry weight of cell-free extracts was 76 mg/ml. A cofactor-free extract was 
obtained by ultracentrifugation of a cell-free extract (36 ml) at 135,000 χ g for 
1 hour at 4°C. The pellet was washed with anoxic 100 mM TES/K+ buffer (pH 
7) and the first and the second supernatant were combined, extensively washed 
on a Amicon PM-30 filter (cutoff 30 kDa) with 100 mM TES/K+ buffer and 
added to the pellet fraction. 
Protein was determined with the Biorad method using γ-globulin as a 
standard. 
Cyclic 2,3-diphosphoglycerate synthetase 
The activity of cyclic 2,3-diphosphoglycerate synthetase was determined 
in 50 mM TRIS (pH 7). Reaction mixtures (200 μΐ) prepared in 10-ml serum 
vials placed inside an anaerobic glove box contained 18 mM MgCl2, 20 mM 
ATP, 0.5 M KCl, 10 mM 2,3-DPG and 50 μΐ cofactor-free extract (2.07 mg 
protein); incubations took place under a H2 atmosphere. The reactions were 
started by placing the vials at 60°C. After an appropriate incubation period the 
reaction was stopped by placing the vials on ice. Hereafter, the vials were 
opened, diluted with 750 μ1 milli-Q water and boiled for 30 min. After 10 min 
of cooling on ice, 50 μΐ oxalate (10 mM) was added as internal standard and the 
samples were centrifuged at 12,000 χ g for 10 min at 4°C to remove the 
denatured protein. 20-μ1 amounts of the supernatant were used for analysis on 
ion-exchange chromatography as described above. 
RESULTS 
Ion-chromatography 
The HPLC chromatogram of a mixture of pure compounds obtained by 
anion-exchange chromatography and conductivity detection is illustrated in Fig. 
2A. Pyruvate, oxalate and PEP could also be detected by UV absorption at 215 
nm (Fig. 2B). As expected for an anion exchanger, retention of the individual 
compounds tended to increase with increasing charge of the anions at the pH 
(10.67-12.04) used during the separation. With the exception of 2-PG and 3-PG 
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the compounds of interest were readily resolved. The retention times of the 
individual compounds were rather constant, though they decreased somewhat 
when increasing concentrations were injected. This effect is more pronounced 
for compounds with higher retention times. Calibration graphs obtained by 
conductivity and UV detection are shown in Figs ЗА and 3B, respectively. In 
Fig. 3C the response and concentration ratios with respect to the internal 
standard (oxalate) are plotted. Linear regression coefficients of the standard 
curves were > 0.999 in Figs. ЗА and 3B and varied between 0.993 and 0.999 in 
Fig. 3C. Hence, up to at least 20-30 nmoles of the various compounds can be 
accurately determined. The sensitivity of the individual compounds towards 
conductivity detection increased with increasing negative charge; 3-PG and 
cDPG, however, are an exception to this (Fig. 2). Detection limits were in the 
order of 1-2 nmol, which equals 50-100 uM in the sample when 20 μΐ are 
injected. Since the injection volume can be varied from 1-100 ul, concentrations 
down to 10-20 μΜ may be quantified. Retention times and the (relative) 
response factors are compiled in Table 1. 
Analysis of cell-free extract of Methanobacterium thermoautotrophicum 
Figure 2C shows the ion-chromatographic conductivity elution profile of 
cell-free extract from M. thermoautotrophicum. The presence of chloride, 
phosphate, cDPG and 2,3-DPG, identified on the basis of their respective 
retention times (Fig. 2A), is evident. None of these or other compounds were 
detected by UV-absorption (not shown). The amounts of phosphate, cDPG and 
2,3-DPG were determined to be 398, 306 and 36.3 μΓηοΙ/g dw, respectively. If 
one assumes an intracellular volume of the cells of 1.8 ml/g dw of cells 
(Schönheit and Perski 1983) the internal concentrations of phosphate, cDPG and 
2,3-DPG amount to 221, 170 and 20 mM, respectively. The two latter values 
correspond nicely to 170 mM cDPG and 22 mM 2,3-DPG previously measured 
by isotachophoretic analysis (Gorris et al. 1990). 
Enzymic conversion of 2,3-DPG 
To test the application of the method the ATP-dependent synthesis of 
cDPG from 2,3-DPG was investigated with cell-free extract of M. thermoau-
totrophicum. Reaction mixtures were prepared and analyzed as described in the 
experimental section; the results are shown in Fig. 4. From Fig. 4C it can be 
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Table 1. HPLC characteristics of intermediates involved in the cDPG metabolism 
separated on an lonpac Α85Α-5μ anion-exchange column. 
Compound3 
Pyruvate 
Oxalate 
Phosphate 
3-PG 
2-PG 
PEP 
cDPG 
2,3-DPG 
Retention 
time (min) 
4.00-4.01 
4.36 
8.71 
9.13 
11.33-11.80 
12.29-12.71 
12.30-12.73 
13.34-13.97 
13.75-14.37 
16.03-16.80 
20.67-21.61 
Response 
factorb 
0.072 
0.013 
n.d. 
n.d. 
0.060 
0.036 
0.050 
0.035 
0.0036 
0.017 
0.024 
(1.92) 
( - ) 
(1.61) 
(0.92) 
(1.35) 
(0.95) 
(0.45) 
(0.65) 
" The compounds were measured by conductivity detection; a second set of 
data refers to UV (215 nm)-detection. 
b
 Response factor is the reciprocal of the linear regression coefficients of the 
standard curves shown in Figs. ЗА and 3B. The values between brackets 
represent the relative response factor, viz. the reciprocal of the linear 
regression coefficients of the curves shown in Fig. 3C. 
n.d., not determined. 
calculated that starting from t=0 min 2,3-DPG was decreased at a rate of 4.6 
nmol per min (2.2 nmol/min.mg protein). Concomitantly cDPG was produced 
at a rate of 4.5 nmol per min (2.2 nmol/min.mg protein). The amounts of 
2,3-DPG converted equalled the amounts of cDPG produced. No cDPG was 
formed when ATP was omitted (not shown). From Figs. 4A and 4B it can be 
seen that ADP and phosphate were produced at the expense of ATP. This 
conversion, however, can not be solely attributed to cDPG synthesis, since ATP 
was also converted in the absence of 2,3-DPG due to the presence of ATPase 
4Q 
and adenylate kinase activities in the crude enzyme preparations. In addition, at 
t=0 min about 400 nmol PG and 1600 nmol 2,3-DPG were present (reaction 
mixtures were prepared with 2000 nmol 2,3-DPG); hereafter, PG slowly 
decreased. The latter events also took place when either 2,3-DPG or PG were 
incubated in the absence of ATP (not shown) and are the result of 2,3-DPG and 
PG phosphatase activities in the extract. None of the above reactions were 
observed, when cell extract was omitted from the assays. 
The example shows that the HPLC method developed in this chapter may 
be used for analysis of reaction mixtures that contain high concentrations of 
proteins (10 mg/ml) and where complex reactions simultaneously take place. 
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DISCUSSION 
Ion-exchange chromatography can be used for the determination of 
anionic compounds. Separation occurs on the basis of charge and conformation 
and a compound can be identified by its retention time in the chromatogram. We 
used this technique to quantify the phosphate-containing metabolites present in 
methanogenic bacteria, i.e. cDPG, 2,3-DPG, Pi, 2-PG, 3-PG and PEP, and 
pyruvate. With the exception of 2-PG and 3-PG these compounds are readily 
resolved and may be simultaneously analyzed within a single run. Quantification 
of cDPG and 2,3-DPG in cell-free extract of M. thermoautotrophicum yielded 
values that were in good agreement with the literature (Gorris et al. 1990). 
Application of the method described was demonstrated by the enzymic 
ATP-dependent conversion of 2,3-DPG into cDPG. The specific activity of 
cyclic 2,3-diphosphoglycerate synthetase in cell-free extract of M. 
thermoautotrophicum amounted to 2.2 nmol/min.mg protein, which is about 
10-fold lower than in Methanothermus fervidus (Lehmacher et al. 1990). 
Sensitivity and accuracy of ion-exchange chromatography are in the same order 
or even better, when compared to the enzymic determination (Seely and Fahrney 
1984a) or isotachophoretic analysis (Van Alebeek et al. Chapter 3) of the 
compounds of interest. Enzymic analysis suffers from the disadvantage that each 
compound must be determined separately and therefore may be elaborate and 
time-consuming. By isotachophoresis the various compounds also can be 
measured simultaneously (Van Alebeek et al. Chapter 3). Separation of the 
individual compounds, however, is easily disturbed and a cleaning operation is 
required every three to four runs. Moreover, automation has not been realized 
yet. A definite advantage of ion-exchange chromatography is that it is 
automated, which decreases the operating time: analyses can be performed 24 
hours a day. 
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Chapter 3 
ATP synthesis from 2,3-dipnosphoglycerate by cell-free 
extract of Methanobacterium thermoautotrophicum (strain ΔΗ) 
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Drift and Godfried D. Vogels. 
Department of Microbiology, Faculty of Science, University of Nijmegen, 
Toemooiveld 1, NL-6525 ED Nijmegen, The Netherlands. 
(Published in the Archives of Microbiology 1991, 156: 491-496) 
ABSTRACT 
Cell-free extracts of Methanobacterium thermoautotrophicum were found 
to catalyze ATP synthesis from an endogenous substrate. Synthesis was 
stimulated under hydrogen atmosphere and inhibited by KCl (K= 150 mM). 
Comparison of the properties of a number of cell constituents showed the 
endogenous substrate to be 2,3-diphosphoglycerate. The compound is converted 
into 3-phosphoglycerate, and via 2-phosphoglycerate and phosphoenolpyruvate 
into pyruvate, at which the latter reaction is linked with ATP synthesis. 
INTRODUCTION 
Methanogenic bacteria are obligately anaerobic bacteria that gain their 
energy for growth from the conversion of a limited number of one-carbon 
compounds or acetate to methane (DiMarco et al. 1990; Thauer 1990). In the 
process the characteristic and thermodynamically most favorable step is the 
A4 
reductive demethylation of 2-(methylthio)ethanesulfonate (methylcoenzyme M, 
CH3S-C0M) to methane and 2-mercaptoethanesulfonate (coenzyme M, 
HS-CoM)(eqn.l). 
CH3S-C0M + H2 -> CH4 + HS-CoM (AG°' = -85 kJ/mol) (1) 
Studies with whole cells of Methanosarcina barken and vesicle 
preparations of the methanogenic isolate strain Gö 1, showed the reaction to be 
chemiosmotically coupled with ATP synthesis (Blaut et al. 1990; Gottschalk 
and Blaut 1990). Recently, it was established that in strain Gö 1 the 
energy-conserving step is a partial reaction of (equation 1), viz. oxidation of 
hydrogen and reduced coenzyme F420 with CoM-S-S-HTP, which is the 
heterodisulfide of coenzyme M and 7-mercaptoheptanoylthreonine phosphate 
(HS-HTP) (Deppenmeier et al. 1990, 1991). The redox reactions are connected 
with proton extrusion across the cell membrane. 
In experiments with cell extracts of Methanobacterium thermoauto-
trophicum we observed a hydrogen-dependent synthesis of ATP, which was 
independent of exogenous substrates. Since ATP synthesis in such system had 
not been described, we investigated the reaction in some detail. It was found that 
ATP synthesis was not related with the CH3S-C0M reduction reaction, but rather 
originated from a phosphorylated compound in the extracts. The compound 
could be identified as 2,3-diphosphoglycerate (2,3-DPG). 
MATERIALS AND METHODS 
Materials 
AMP, ADP, ATP, 2-phosphoglycerate (2-PG), 3-phosphoglycerate (3-PG), 
2,3-diphosphoglycerate (2,3-DPG), NADH, myokinase (adenylate kinase) and 
phosphoglycerate mutase were purchased from Boehringer GmbH (Mannheim, 
FRG). TES, HEPES, phosphoenolpyruvate (PEP), HS-CoM, phosphoglycerate 
kinase, glyceraldehyde phosphate dehydrogenase and pyruvate kinase were 
obtained from Sigma Chemical Co. (St. Louis, MO, USA). Dithiothreitol was 
from Serva (Heidelberg, FRG) and 3,3',4',5-tetrachlorosalicylanilide (TCS) was 
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from Eastman Kodak Co. (Rochester, USA). CH3S-CoM, HS-HTP and CoM-S-
S-HTP were synthesized as reported before (Keltjens et al. 1989). Cyclic 
2,3-diphosphoglycerate (cDPG) was a gift of Dr. Korteland from our laboratory. 
Other chemicals were of highest grade available. Gases were from Hoek-Loos 
(Schiedam, NL) and were made oxygen-free by passage over a prereduced 
BASF R3-11 at 150°C or a BASF RO-20 catalyst at ambient temperature for 
hydrogen-free and hydrogen-containing gases, respectively. The catalysts were 
a gift of BASF (Ludwigshafen, FRG). 
Organism and preparation of extracts 
Methanobacterium thermoautotrophicum strain ΔΗ (DSM 1053) was cul­
tured on H2 and C 0 2 (80%/20%) on a defined medium (Schönheit et al. 1979) 
in a 300 liter fermentor as documented earlier (Van Beelen et al. 1983). The 
cells were harvested under nitrogen at the end of the exponential growth and 
stored at -70°C under hydrogen. 
Cell-free extracts and other enzyme preparations from M. thermoautotro-
phicum were obtained under carefully controlled anoxic conditions. Cell-free 
extract was made by suspending whole cells (1 g cells/ml buffer) in anoxic 100 
mM TES/K* buffer (pH 7.0) that contained 10 μg/ml deoxyribonuclease. The 
cells were disrupted by anaerobic passage through a French pressure cell at 138 
MPa. Cell debris and unbroken cells were removed anaerobically by 
centrifugation for 40 min at 30,000 χ g at 4°C. The supernatant was collected 
(36 mg protein/ml) and stored under 97.5% nitrogen/ 2.5% hydrogen at -70°C. 
Boiled cell-free extract (BCFE) was prepared from cell-free extract. Cell-free 
extract was boiled for one hour and after cooling centrifuged at 18,000 χ g for 
40 min at 4°C. The supernatant was decanted and stored under nitrogen 
atmosphere at -20°C. 
Protein was determined with the Coomassie Brilliant Blue G-250 method 
(Sedmak and Grossberg 1977) using bovine serum albumin as a standard. 
Ultracentrifugation and preparation of coenzyme-free extracts 
Cell-free extract (15 ml) was centrifuged at 135,000 χ g for 1 h at 4°C. 
The supernatant (12.5 ml) was decanted and extensively washed with anoxic 100 
mM TES/K+ buffer (pH 7) on an Amicon PM-30 filter (cutoff 30 kDa) to 
remove low-molecular weight cofactors. The pellet was resuspended to 12.5 ml 
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with TES/K+ buffer. By combining the washed supernatant and pellet fraction 
a cell-free extract was obtained, which was highly depleted from cofactors; this 
will be referred to as PM-30 extract. Occasionally, the resuspended pellet was 
subjected to a second centrifugation step as above. The supernatant (11.5 ml) 
collected will be denoted as the solubilized pellet proteins. The pellet, called 
pellet proteins fraction, was taken up in TES/K+ buffer to a final volume of 12.5 
ml. 
Enzyme assays 
Unless stated otherwise a typical assay mixture (200 μΐ) contained 50 mM 
TEA/K+ buffer (pH 7.0), 24 mM MgCl2, 2.5 mM AMP, 10 mM potassium 
phosphate and 100 μΐ cell-free extract ( 3.6 mg protein) or 50 ul PM-30 extract 
(1.8 mg protein). Reaction mixtures were prepared in 10-ml serum vials placed 
inside an anaerobic glove box. Incubations took place under nitrogen or 
hydrogen atmosphere and the reactions were started by placing the vials at 60°C. 
After an appropriate incubation period the reaction was stopped by placing the 
vials on ice. From this mixture samples were taken for the determination of ATP 
and ADP and for isotachophoretic analysis. 
Determination of ATP and ADP 
ATP was measured on a LKB-Wallac 1250 luminometer equipped with 
a LKB-Bromma 2210 recorder using the ATP luciferin/luciferase monitoring kit 
from LKB-Bromma (Woerden, NL). A sample of the reaction mixture was 
thoroughly mixed at ambient temperature with 2 or 5 volumes HC104 (1 M final 
concentration) and, after standing for 15 min, neutralized with 3 M КОН. The 
precipitate formed was removed by centrifugation at 12,000 χ g for 10 minutes 
at room temperature. 25 ul of the supernatant were added to 450 μΐ 100 mM 
Tris/acetate buffer (pH 7.75) containing 2 mM EDTA and placed in the 
luminometer immediately after addition of 25 μΐ ATP-monitoring reagent. 
The ADP concentration was determined by measuring the total ATP 
content, after converting ADP into ATP with pyruvate kinase (Kimmich et al. 
1975). Therefore, 50 μΐ supernatant obtained after НСЮ4/КОН treatment of a 
reaction mixture was added to 400 μΐ distilled water and 50 μΐ reagent composed 
of 6 mM MgCl2, 35 mM KCl, 50 mM PEP and pyruvate kinase (7.5 U) in 100 
mM HEPES buffer (pH 7.4). After incubation at room temperature for 1 h, 
48 
during which all ADP was converted into ATP, a 200-μ1 sample was taken, 
treated with HC104 and KOH as above and analyzed for ATP. The concentration 
of ADP in the sample is calculated from the difference in ATP before and after 
treatment with pyruvate kinase. Calibration curves for ATP and ADP were made 
from standards subjected to the same procedure as the samples. 
Gas chromatography 
Determination of methane was performed using ethane as an internal 
standard. 100-μ1 amounts of the headspace were analyzed on a Pye Unicam 
GCD-chromatograph equipped with a Porapack Q 100 - 200 mesh column. 
Hydrogen present in 0.5 ml headspace samples was quantified on a Hewlett 
Packard gas Chromatograph HP 5890 A fitted with a Porapack 80 -100 mesh 
(Supelco, Bellefonte, USA) packed column. Reaction mixtures in 55 ml serum 
vials were composed of the same ingredients as the standard assay, scaled up by 
a factor 20. Incubation took place under nitrogen containing 0.22 % H2 and 
ethane (2 ml) as an internal standard. 
Isotachophoresis 
Isotachophoresis was performed on a LKB 2127 Tachophor equipped with 
an AC conductivity detector (Hermans et al. 1980). Separation took place at 
ambient temperature as previously described (Gorris et al. 1990). Samples from 
the reaction mixtures were diluted 4-fold in milli-Q water (Waters, Molsheim, 
France), boiled for 10 min and subsequently placed on ice (10 min). Denatured 
proteins were removed by centrifugation (12,000 χ g, 10 min ) and 2 μΐ of the 
supernatant was injected into the tachophor for analysis. 
The isotachophoresis system enabled the simultaneous qualitative and 
quantitative determination of cDPG, 2,3-DPG, PEP, 3-PG (2-PG) and pyruvate; 
no distinction could be made between 2-PG and 3-PG. The amounts of the 
various compounds present in the reaction mixtures were calculated from 
standards dissolved in 25 mM TEA/K+ buffer (pH 7.0) and 6 mM MgCl2. 
Determination of 2-PG, 3-PG and phosphoglycerate mutase 
3-PG formed from 2,3-DPG was determined by the enzymic conversion 
into glyceraldehyde-3-phosphate. Reaction mixtures (200 μΐ) in 100 mM TEA/K+ 
buffer (pH 7) containing 4 mM 2,3-DPG and 100 ul enzyme solution were 
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prepared in the glove-box and incubated at 60°C for 1 h under hydrogen 
atmosphere. Hereafter, a sample was diluted twice in Milli-Q water, heat 
denatured (10 min, 100°C) and centrifuged (12,000 χ g, 10 min) and 100 μΐ 
supernatant was added to a cuvette containing 1.9 ml reagent (A) composed of 
48 mM triethanolamine buffer (pH 7.6), 5.2 mM EDTA, 5.3 mM MgCl2,40 mM 
ATP, 9.6 mM NADH, phosphoglycerate kinase (4.5 U) and glyceral-
dehyde-3-phosphate dehydrogenase (8 U). The concentration of 3-PG was 
calculated from the decrease in absorption at 340 nm (ε340= 6.22 mM'cm '). 
When this absorption did not further change, phosphoglycerate mutase (24 U) 
was added to convert 2-PG into 3-PG. Phosphoglycerate mutase present in 
enzyme preparations from M. thermoautotrophicum was assayed at 37CC by 
following the rate of NADH oxidation in reagent (A) with extra 10 mM 2-PG; 
the reaction was started by adding 10-50 μΐ enzyme from the methanogen. 
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Fig. 1 ATP synthesis by cell-free extracts of Methanobactenum thermoauto­
trophicum. Reaction mixtures (200 μΐ) in 50 mM ТЕА/Ю buffer and 24 mM 
MgCl2 contained 100 μΐ cell-free extract (3.6 mg protein) and were prepared as 
described under Materials and Methods. Incubations were performed at 60°C 
under hydrogen ( О ) or nitrogen ( D ) atmosphere. 
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RESULTS 
ATP-synthesis in cell-free extract of Methanobacterium thermoautotrophicum 
Incubation of cell-free extract of M. thermoautotrophicum under 
hydrogen atmosphere resulted in a steady increase in the ATP concentration 
(Fig. 1). Under nitrogen the concentration only increased during the first 5 min 
and remained constant hereafter. Synthesis both under hydrogen and nitrogen 
was markedly stimulated by the addition of AMP (2.5 mM) and was further 
enhanced by a combination of AMP and phosphate (10 mM) (Table 1). For both 
Table 1. ATP synthesis in cell-free extracts of Methanobacterium thermoauto­
trophicum. Reaction mixtures containing 100 μΐ cell extract (3.6 mg protein) were 
prepared as described in Materials and Methods. ATP was determined after 20 
min incubation under hydrogen or nitrogen. 
Reaction mixture ATP concentration (μΜ) 
Complete 
-AMP 
-Pi 
-AMP -Pi 
+KC1 (0 M)a 
+KC1 (1 M)a 
+DTT (10 mM) 
+HS-HTP (10 mM) 
+ Na2S204 (2.5 mM) 
+ Pyruvate (10 mM) 
+F420 (250 uM) 
+CH3S-CoM(10mM) 
+CoM-S-S-HTP(1.6 mM) 
+TCS(10uM) 
H2 
200 
40 
120 
40 
80 
8 
n.d. 
n.d. 
n.d. 
n.d. 
220 
180 
140 
204 
N2 
45 
15 
40 
15 
10 
29 
140 
40 
40 
80 
30 
30 
30 
38 
" Incubation took place for 10 min using a different batch of cell extracts, 
n.d. not determined. 
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gas phases maximal ATP synthesis occurred at pH 7. Under hydrogen a 
temperature optimum for the process was found at 65-68°C, whereas under 
nitrogen the optimal temperature was 55°C. KCl was an inhibitor of the reaction 
under hydrogen atmosphere (Table 1). With 1 M KCl about 10% of the amount 
of ATP was formed and 50% inhibition occurred at 150 mM KCl. The effect of 
KCl was not specific and was also observed for NaCl, RbCl and CsCl. In 
contrast, 1 M KCl stimulated ATP synthesis under nitrogen about three-fold and 
the stimulation was already reached at 600 mM salt. In this case Na+, Rb+ and 
Cs+ were not stimulatory. 
ATP measured represented only a part of the total amount of energy-rich 
adenosine derivatives formed since ADP was synthesized in even higher 
amounts. In cell-free systems ADP levels exceeded those of ATP by a factor 
12.5 (not shown). The higher ADP concentration was the result of myokinase 
activity (about 1 umol.min'mg"1) in the extracts. By this activity 1 mol of each 
ATP and AMP are converted into 2 mol ADP. 
The presence of hydrogen strongly stimulated ATP synthesis (Table 1). 
A half-maximal stimulation was already observed at 0.1 % hydrogen. Hydrogen 
was not consumed in the course of the reaction suggesting that it was no 
substrate of some reaction resulting in ATP synthesis. Reducing agents like 
dithiothreitol and pyruvate could (partially) substitute for hydrogen (Table 1). 
Dithionite and the methanogenic electron donor HS-HTP were inactive. Addition 
of the electron acceptors CH3S-CoM, CoM-S-S-HTP, or coenzyme F 4 2 0 and 
subsequent incubation under hydrogen showed the formation of methane, 
HS-CoM and HS-HTP, and reduced coenzyme F4 2 0, respectively. ATP synthesis, 
however, remained unaffected (Table 1). Neither showed 10 μΜ (~ 0.5 nmol/mg 
protein) TCS an effect, even when used in up to 5-fold higher amounts. 
These observations implied that the ATP and ADP synthesis measured 
with the cell-free systems were not related with CH3S-CoM reduction or 
chemiosmotic processes. The effect of hydrogen and other reducing agents then 
could consist of an activation of some enzyme(s). ATP synthesis with AMP and 
phosphate did not occur, neither under hydrogen nor under nitrogen atmosphere, 
when coenzyme-free extracts (PM-30 extract) were used. However, ATP 
synthesis with PM-30 extract was recovered in a fashion as shown in Fig. 1, 
when boiled cell-free extracts were added. This suggests that ATP originates 
from some endogenous substrate(s). The total amounts of ATP and ADP formed 
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Table 2. ATP and ADP production from PEP, 3-PG, 2,3-DPG and cDPG. Standard reaction 
mixtures prepared as described under Materials and Methods contained 50 μΐ РМ-Э0 extract 
(0.9 mg protein), 2.5 mM AMP and 10 mM potassium phosphate. Incubation took place at 
60°C under hydrogen or nitrogen atmosphere in the absence or presence of phosphate and KCl 
(1 M). ATP and ADP (values between brackets) were determined after 15 min incubation. 
-, not determined 
Source ATP, μ M (ADP, μΜ) 
-Pi, -KCl +Pi, -KCl +Pi, +KC1 
None 
PEP (1 mM) 
3-PG (1 mM) 
2,3-DPG (1 mM) 
cDPG (1 mM) 
н2 
-
1.2(150) 
1.2(34) 
6.2 ( 95) 
0.2 ( 8) 
N2 
-
0.7 (52) 
1.3 (25) 
0.3 ( 6) 
0.3 ( 9) 
н2 
0.2 ( 8) 
19 (410) 
23 (440) 
14 (200) 
0.6 ( 42) 
N2 
0.1 ( 5) 
19 (590) 
15 (170) 
0.3 ( 12) 
0.3 ( 20) 
н2 
-
28 (320) 
33 (590) 
0.3 ( 13) 
0.2 ( 9) 
N2 
-
23 (530) 
36 (460) 
0.2 ( 6) 
0.2 ( 5) 
indicate that the endogenous substrate(s) must be present in the millimolar 
range. 
ATP and ADP synthesis from phosphoiylated substrates 
Cells of M. thermoautotrophicum are known to contain cyclic 
2,3-diphosphoglycerate (cDPG) and 2,3-DPG as high as 200 umol (110 mM) 
and 30 umol (17 mM) per g dry weight, respectively (Gorris et al. 1990). In 
cell-free extracts of the organism we also could detect up to about 1 mM of both 
3-phosphoglycerate (3-PG) and phosphoenolpyruvate (PEP). The four 
compounds were investigated for their capability to induce ATP and ADP 
synthesis under nitrogen and hydrogen atmosphere using PM-30 extracts. In 
addition, the effect of phosphate and KCl was tested. The results are shown in 
Table 2. It can be seen that ATP and ADP were produced from 3-PG and PEP 
in a phosphate-stimulated reaction. In addition, KCl stimulated ATP production, 
notably from 3-PG. Synthesis was independent of the gas atmosphere applied. 
It was also possible to synthesize ATP and ADP from 2,3-DPG. This only 
occurred under hydrogen atmosphere; phosphate stimulated, whereas KCl 
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mM 
Fig. 2. Conversion of 2,3-DPG and production of ATP and ADP. Reaction 
mixtures (200 μΐ) containing 100 ul PM-30 extract (1.8 mg protein), 24 mM 
MgCl2, 2 5 mM AMP, 10 mM phosphate and 4 mM 2,3-DPG were prepared as 
specified in Materials and Methods; incubation took place under a hydrogen 
atmosphere In A the concentrations of 2,3-DPG ( О ), 2-PG plus 3-PG ( D ), PEP 
( Δ), pyruvate ( О ), cDPG ( • ) and the total concentration of the compounds 
( Д) are plotted against time. In В the concentrations of ATP ( О ) and ADP ( О ) 
are plotted as a function of time 
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inhibited the reaction. ATP formation from PEP will occur by the action of PEP 
synthetase. In M. thermoautotrophicum the latter enzyme catalyzes the reversible 
conversion of PEP, phosphate and AMP into pyruvate and ATP (Eyzaguirre et 
al. 1982). ATP synthesis from 3-PG then will proceed via 2-PG and PEP. The 
enzymes involved, phosphoglycerate mutase and enolase, have also been 
reported for M. thermoautotrophicum (Jansen et al. 1982). ATP synthesis from 
2,3-DPG then could involve the dephosphorylation of the substrate to yield 3-
(or 2-)PG and its subsequent conversion into PEP and pyruvate plus ATP. Since 
ATP formation from 3-PG and PEP are not subject to stimulation by hydrogen 
and KCl inhibition (Table 2), phosphohydrolysis of the 2,3-DPG step should be 
the specific site of these effectors. In addition, the results implement that 
2,3-DPG is the endogenous source of ATP found in cell-free extracts. 
To test the proposed reaction sequence a series of reaction mixtures 
containing PM-30 extract were incubated with 2,3-DPG (Fig 2). Isotachophoretic 
analysis showed the degradation of 2,3-DPG and the intermediate formation of 
3-( or 2-)PG -the technique does not allow to make a distinction between both-
and PEP (Fig. 2A). Pyruvate was formed as an endproduct. After the first 1 to 
2 h ATP and ADP had increased to reach maximum concentrations of 125 μΜ 
and 2.5 mM, respectively. Hereafter, the concentrations decreased, presumably 
as a net result of a decreasing rate in synthesis and the increasing rate of ATP 
hydrolysis by ATPase. After 2 h 2.75 mM 2,3-DPG had been converted, 
whereas 1.25 mM phosphoglycerate, 0.25 mM PEP and 1.25 mM pyruvate were 
present. The 2.5 mM ADP must have been produced from 1.25 mM ATP, which 
equals the amount of pyruvate formed. The reaction sequence, thus, is in 
agreement with hydrolysis of 2,3-DPG into 3- (or 2-)PG and the subsequent 
formation of PEP and pyruvate, the latter being coupled to ATP synthesis. 
We were unable to demonstrate appreciable ATP formation from cDPG 
(Table 2). In addition, the concentration of cDPG (0.1 mM) residually present 
in PM-30 extract remained unaffected during the reaction (Fig. 2A). 
ATP synthesis with ultracentrifugation fractions 
Cell-free extracts were subjected to ultracentrifugation (1 h, 135,000 χ g). 
The supernatant proteins were made coenzyme-free by PM-30 filtration. The 
ultracentrifugation pellet was washed and recentrifuged, which yielded a 
supernatant and a pellet, termed the solubilized pellet- and pellet proteins 
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fractions, respectively. These three fractions were tested for ATP formation from 
3-PG, 2-PG, 2,3-DPG and PEP (Table 3). ATP synthesis from 2-PG and PEP 
were brought about in comparable rates by all three fractions indicating that the 
enzymes involved are about equally distributed between the three fractions. ATP 
synthesis from 3-PG, however, only occurred with the supernatant fraction, 
which implies that phosphoglycerate mutase is exclusively localized in that 
fraction. This was confirmed by testing the three fractions for the presence of 
mutase: activity could only be detected with the supernatant proteins (not 
shown). No appreciable ATP formation was found with 2,3-DPG (Table 3). 
Incubation with 2,3-DPG and subsequent enzymic analysis of the reaction 
products showed that the compound was exclusively converted by the 
solubilized pellet- and pellet proteins fractions: 3-PG was the specific product. 
Neither 3-PG nor 2-PG were formed from 2,3-DPG with the supernatant proteins 
fraction. The results then indicate that the first step in the conversion of 
2,3-DPG involves the phosphohydrolysis to 3-PG catalyzed by a 2,3-DPG 
phosphohydrolase present in the (solubilized) pellet fraction. 
Table 3. ATP synthesis from PEP, 2-PG, 3-PG and 2,3-DPG with ultracentrifuga-
tion fractions. Reaction mixtures contained 2.5 mM AMP, 10 mM phosphate and 
50 μΐ amounts of either supernatant- (1.04 mg ), solubilized pellet- (0.27 mg) or 
pellet (0.23 mg) proteins prepared as mentioned in Materials and Methods. The 
rate of ATP synthesis was calculated from the total amount of ATP and ADP 
present after 30 min incubation under hydrogen, taking into account that 2 mol 
ADP are formed from 1 mol ATP. 
Protein fraction 
Supernatant 
Solubilized pellet 
Pellet 
ATP 
PEP 
(1 mM) 
1.1 
1.9 
1.8 
synthesis (nmol 
2-PG 
(1 mM) 
1.2 
2.2 
1.3 
.min"1.mg' 
3-PG 
(1 mM) 
0.7 
<0.1 
<0.1 
') from 
2,3-DPG 
(1 mM) 
<0.1 
<0.1 
<0.1 
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DISCUSSION 
Cell-free extracts of Methanob acter ium thermoautotrophicum were capable 
of synthesizing ATP from an endogenous substrate. Synthesis was stimulated 
under reducing conditions and was inhibited at high concentrations KCl (K,= 
150 raM). Investigation of number of cell constituents showed 2,3-DPG to be 
the most plausible candidate for the endogenous substrate. The proposed 
sequence of reactions that yield ATP from 2,3-DPG is shown in Fig. 3. In the 
first reaction the compound is degraded into 3-PG by a 2,3-diphosphoglycerate 
dephosphatase. By the action of phosphoglycerate mutase 2-PG then is formed 
from 3-PG. The dephosphatase and the mutase could be separated by ultracentri-
fugation of cell-free extract. Following the conversion of 2-PG, ATP and 
pyruvate are produced from PEP in a reaction catalyzed by PEP synthetase. 
Contrary to 3-PG and PEP, ATP synthesis from 2,3-DPG was 
hydrogen-dependent and was subject to inhibition by KCl. This indicates that the 
2,3-DPG phosphatase is the site of these effectors. 
cDPG 
2,3-DPG 
ADP 
A T P ^ © 
3-PG = 2-PG = PEP ψ^ PYRUVATE 
(D © AMP ATP 
+
Pi 
Fig. 3. The pathway of ATP synthesis from 2,3-DPG related to the 2,3-DPG and 
cDPG metabolism in M. thermoautotrophicum. The numbers refer to the 
following enzymes: 1, proposed cyclic 2,3-DPG hydrolase; 2, 2,3-diphospho­
glycerate phosphatase; 3, phosphoglycerate mutase; 4, enolase; 5, PEP synthetase; 
6, 2-phosphoglycerate kinase; 7, cyclic 2,3-DPG synthetase. 
© P l -_/ Nç^-„® 
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In Methanothermus fervidus 2,3-DPG and its derivative, cDPG, are 
produced from 2-PG in two ATP-dependent reactions, catalyzed by 
2-phosphoglycerate kinase and 2,3-diphosphoglycerate synthetase, respectively 
(Lehmacher et al. 1990). The authors reported the enzymes also to be present 
in M. thermoautotrophicum. 2-PG kinase uni-directionally catalyzed 2,3-DPG 
synthesis with 2-PG as the specific substrate. The reaction was stimulated by 
KCl and proceeded under aerobic conditions. From this we conclude that 2-PG 
kinase and 2,3-DPG phosphatase represent different enzymes and that synthesis 
and degradation of 2,3-DPG follow different routes (Fig. 3). During cell growth 
cDPG is actively metabolized (Evans et al. 1985, 1986; Tolman et al. 1986). 
Though we have not been able to demonstrate cDPG conversion in our 
experiments, methanogenic bacteria may contain a cDPG hydrolase different 
from 2,3-DPG synthetase which only catalyzes cDPG synthesis (Lehmacher et 
al. 1990). 
Cells of M. thermoautotrophicum and some other methanogenic species 
accumulate during growth up to 20 mM 2,3-DPG (Gorris et al. 1990; 
Lehmacher et al. 1990) and even higher concentrations of cDPG (Hensel and 
König 1988; Kanodia and Roberts 1983; Seely and Fahmey 1984; Tolman et al. 
1986). It is conceivable that under hydrogen-limited conditions at which cell 
carbon synthesis via acetyl-CoA and pyruvate has become unfeasible a 
conversion of 2,3-DPG into pyruvate occurs. ATP generated then could be used 
to keep the methanogenic apparatus functioning. Alternatively, 2,3-DPG and 
cDPG might serve as a source of energy to convert coenzyme F420 into 8-OH 
adenylylated F420 (F390) upon oxidative stress (Kengen et al. 1991; Kiener et al. 
1988). 
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ABSTRACT 
Cyclic 2,3-diphosphoglycerate (cDPG) hydrolase activity was 
demonstrated in cofactor-free extract of Methanobacterium thermoauto­
trophicum (strain ΔΗ), but not in crude extract. Only after ultrafiltration or 
dialysis of crude extract cDPG hydrolase activity could be shown. cDPG 
hydrolysis was optimal at pH 6.0 and 60°C. Hydrolysis of cDPG occurred 
under nitrogen or hydrogen atmosphere and was completely inhibited by 
oxygen. Phosphate and potassium chloride were also strong inhibitors: 50% 
inhibition occurred at 0.6-0.7 mM phosphate or 0.2 M KCl. The enzyme was 
localized in the membrane fraction and could be solubilized for 
approximately 60% by treatment with 25 mM of the detergent CHAPS. The 
K
m
 and the V
max
 for cDPG were determined at 60°C and were 59 mM and 
216 mU/mg, respectively. Furthermore, cDPG hydrolase was dependent on 
the presence of Co2+. The role of cDPG and cDPG hydrolase is discussed. 
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INTRODUCTION 
Cyclic 2,3-diphosphoglycerate (cDPG) is a derivative of 2,3-diphospho-
glycerate (2,3-DPG) in which both phosphate groups are linked by a 
pyrophosphate binding, thus creating a 7-membered ring structure (Kanodia 
and Roberts 1983; Seely and Fahmey 1983, 1984a). It specifically occurs in 
several methanogenic bacteria belonging to the genera Methanobacterium, 
Methanobrevibacter, Methanolhermus, Methanosarcina, Methanosphaera and 
Methanopyrus (Hensel and König 1988; Huber et al. 1989; Rudnick et al. 
1990; Tolman et al. 1986). The function of cDPG may be multiple. cDPG is 
suggested to act in storage of energy (Gorris et al. 1990; Kanodia and 
Roberts 1983; Van Alebeek et al. Chapter 3), phosphorous (Seely and 
Fahmey 1983) or cell carbon (Evans et al. 1985; Seely and Fahmey 1984b). 
Furthermore, cDPG may play a role in thermostablization of proteins in 
extremely thermophilic archaebacteria (Hensel and König 1988). 
cDPG is synthesized from 2-phosphoglycerate (2-PG) in two 
subsequent ATP-dependent reactions (Lehmacher et al. 1990; Van Alebeek et 
al. Chapter 2) (Fig. 1). In the intermediary cell carbon metabolism of 
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Fig. 1. cDPG biosynthesis and hydrolysis related to the intermediary cell 
carbon (C3-) metabolism in M. thermoautotrophicum (Van Alebeek et al. 
Chapter 3). The numbers refer to the following enzymes: 1, cyclic 2,3-
diphosphoglycerate hydrolase; 2, 2,3-diphosphoglycerate phosphatase; 3, 
phosphoglycerate mutase; 4, enolase; 5, phosphoenolpyruvate synthetase; 6, 2-
phosphoglycerate kinase; 7, cyclic 2,3-diphosphoglycerate synthetase. 
fi?. 
methanogenic bacteria 2-PG is produced via phosphoenolpyruvate (PEP) from 
pyravate. cDPG hydrolysis occurs by the hydrolysis of the pyrophosphate 
bonding (Sastry et al. 1992), followed by the dephosphorylation of 2,3-DPG 
into 3-phosphoglycerate (3-PG) (Van Alebeek et al. Chapter 3). 2-PG and 3-
PG are interconverted by the action of phosphoglycerate mutase. 
Purification of cyclic 2,3-diphosphoglycerate hydrolase (cDPG 
hydrolase) from M. thermoautotrophicum has been described by Sastry et al. 
(1992). It was characterized as a soluble 33 kDa protein, which was active in 
the presence of oxygen and stimulated by 1 M KCl, 25 mM MgCl2 and 
dithiothreitol (DTT). 
In this paper we show the existence of a membrane-bound cDPG 
hydrolase in the organism. The enzyme was partially purified and 
characterized. The properties of this enzyme differ very much from the 
soluble enzyme indicating that the soluble and the membrane protein 
represent two different enzymes. The function of cDPG and cDPG hydrolase 
is discussed. 
MATERIALS AND METHODS 
Materials 
cDPG was purified from Methanobacterium thermoautotrophicum as 
follows: a suspension of cells (1:1, w/v) in 50 mM sodium acetate buffer (pH 
4.5) was boiled for 1 hour. After cooling overnight at 4°C, the boiled extract 
was centrifuged for 1 hour at 20,000 χ g. The supernatant was applied on a 
DEAE Sephadex A-25 column equilibrated in 50 mM sodium acetate buffer 
(pH 4.5). cDPG was eluted with a gradient of 0.16-1 M NaCl in 50 mM 
sodium acetate buffer (pH 4.5). The fractions containing cDPG eluting at 
about 0.5 M NaCl were pooled and loaded on an octadecyl (C,8) Bakerbond 
reversed-phase column. The column was equilibrated and eluted with 50 mM 
ammonium acetate (pH 7) containing 0.5 M NaCl. cDPG did not bind to the 
column and was collected in the pass-through fraction which was 
concentrated on a rotary evaporator. Hereafter, cDPG was precipitated with 
barium chloride. For that purpose, cDPG pool was mixed with an equal 
f,l 
volume of ВаС12 (0.5 M) and three volumes of acetone. The precipitate was 
collected by filtration and was washed extensively with 60% acetone (v/v). 
After drying, the Ba2+ salt of cDPG salt was stored at -20°C until use. To 
exchange Ba2+ for Na+, a suspension of the barium salt was added to a CM-
Sephadex C-25 slurry (Na*-form). After filtration, the cDPG-containing 
filtrate was concentrated by rotary evaporation. Purity and concentration of 
cDPG were determined by HPLC as described earlier (Van Alebeek et al. 
Chapter 2). Molecular weight standards for gel filtration were obtained from 
Sigma (St. Louis, Mo, USA). All other chemicals were of analytical grade. 
Organism and enzyme preparation 
M. thermoautotrophicum strain дН (DSM 1053) was cultured on a 
defined medium (Schönheit et al. 1979) under hydrogen and carbon dioxde 
(80%/20%, v/v) in a 300-liter fermentor as documented before (Van Beelen 
et al. 1983). Cells were harvested before the entry of the stationary phase 
under nitrogen with a Sharpies continuous centrifuge and stored at -70°C. 
Unless stated otherwise all procedures were carried out under anaerobic 
conditions at the indicated temperatures. The procedures are schematically 
represented in Fig. 2. Preparation of crude extract occurred as described 
before (Van Alebeek et al. Chapter 3). For the preparation of cofactor-free 
extract, crude extract (50 ml) was centrifuged at 4°C for one hour at 40,000 χ 
g. The pellet was washed with 50 mM TES/K+ (pH 7) containing 2 mM DTT 
and centrifuged again. The pellet (1) was resuspended in 50 mM TES/K+ 
buffer (pH 7) plus 2 mM DTT. The supematants were combined (supernatant 
1) and extensively washed inside an anaerobic glove box for 2-3 days at 
ambient temperature on an Amicon ultrafiltration unit equipped with a PM-30 
membrane (cutoff 30 kDa) with 50 mM TES/K+ buffer (pH 7) plus 2 mM 
DTT to remove cofactors and low-molecular weight compounds like cDPG, 
2,3-DPG and phosphate. 
Protein was determined with the Biorad method using γ-globulin as a 
standard. 
Isolation of membrane-bound cDPG hydrolase 
Cofactor-free extract was used as starting material for the purification 
outlined in Fig. 2; 22 ml was centrifuged at 100,000 χ g for 16 hours at 4°C. 
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Fig. 2. Schematic representation of the procedures used for cDPG 
hydrolase preparation. 
Subsequently, the pellet (2) was resuspended in 50 mM TES/K+ buffer (pH 7) 
and 2 mM DTT and centrifuged at 100,000 χ g for 6 hours. Hereafter, the 
pellet (3) was resuspended in 50 mM TES/K+ buffer (pH 7) and 2 mM DTT 
and centrifuged again at 100,000 χ g for 6 hours. The membrane pellet (4) 
was resuspended in the same buffer to a final volume of 7.7 ml. cDPG 
hydrolase activity was determined using the enzyme assay below. 
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Solubilization of cDPG hydrolase 
Membranes were isolated from cofactor-free extract essentially the 
same way as described above (pellet 4) except that 50 mM MOPS (3-(N-
morpholino)propanesulfonic acid) (pH 7) plus 2 mM DTT was used instead 
of the TES buffer. MOPS buffer appeared to be more suitable to solubilize 
the enzyme from the membranes. Pellet 4 was resuspended in 50 mM MOPS 
(pH 7) plus 2 mM DTT containing 25 mM CHAPS (3-[(3-cholamidopropyl)-
dimethylammonio]-l-propanesulfonate). Hereafter, the membrane-suspension 
was anaerobically incubated overnight at ambient temperature. Prior to gel 
filtration, the suspension was centrifuged for 5 minutes at 12,000 χ g to 
remove large particles. The pellet (5) was resuspended in 50 mM MOPS (pH 
7) plus 2 mM DTT. The supernatant (5) was applied to a Superóse 6 HR 
10/30 column. The supernatant (5), pellet (5) and fractions were screened for 
cDPG hydrolase activity, using 50 mM MOPS (pH 7) instead of the TES 
buffer. 
Enzyme assay 
Unless stated otherwise reaction mixtures for the determination of the 
cyclic 2,3-diphosphoglycerate hydrolase consisted of cofactor-free extract or 
membrane-bound cDPG hydrolase (pellet 4), 10 mM cDPG, 1.5 mM CoCl2, 2 
mM DTT and 50 mM TES/K+ (pH 7) in a total volume of 200 ul. 
All mixtures were prepared in 10-ml serum vials at ambient 
temperature in an anaerobic glove box. At this temperature the reaction rate 
was negligible. Reactions took place under hydrogen atmosphere and were 
started by placing the vials at 60°C. After an appropriate incubation period 
the reactions were stopped by placing the vials on ice. Hereafter the vials 
were opened, the reaction mixtures were diluted with 750 μΐ milli-Q water, 
boiled for 15 min to denature proteins and cooled on ice for 10 min. During 
boiling 9.5% of the 2,3-DPG was hydrolyzed to phosphoglycerate (PG), 
determined as 2-PG, and Pi (Van Alebeek et al. Chapter 2). cDPG was stable 
against the heat treatment step. Subsequently, 50 μΐ of 10 mM oxalate was 
added as internal standard and the samples were centrifuged at 12,000 χ g for 
10 minutes to remove denatured protein. The supernatant was subjected to 
HPLC analysis. cDPG hydrolase activity was determined on the basis of 2,3-
DPG + 2-PG increase or cDPG decrease. 
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Enzyme characterization 
The studies to determine the optimal pH were carried out with 50 mM 
TES and TRIS. The optimal temperature was determined in a range of 25-
75°C. In addition the influence of the gas phase, DTT (10 mM) and 
phosphate (0-10 mM) was determined. The optimal conditions were 
determined with cofactor-free extract using the regular cDPG hydrolase assay, 
except that MgCl2 (12 mM) instead of Co2+ was present in the assay mixture. 
The influence of KCl (0-1 M) was also tested with cofactor-free extract. The 
standard assay mixture was used, except that the cDPG concentration was 20 
mM. 
The Michaelis-Menten constant (Km) was determined with the single 
substrate model of the EZ-Fit program (Perrella 1988) with cDPG 
concentrations between 0 - 3 5 mM. 
Involvement of metal ions was tested with cofactor-free extract as 
described above, with omission of Co2+ from the assay mixture. After the 
addition of 1 mM EDTA a metal ion to be tested was added in excess (2 
mM) and the activity was determined. Alternatively, cDPG hydrolase (pellet 
4) obtained by the ultracentrifugation steps described above was tested for its 
metal ion requirement. The enzyme used in the assays was isolated from 
cofactor-free extract treated with 1 mM EDTA. The latter was subsequently 
removed during the ultracentrifugation and washing steps. 
Activation of an inactive membrane fraction was tested by addition of 
a concentrated low-molecular-weight fraction. The low-molecular-weight 
fraction was recovered from the dialysate obtained during anaerobic dialysis 
of crude extract (25 ml) against 50 mM TES plus 2 mM DTT. The dialysate 
(500 ml) was concentrated to a volume of 25 ml in an Amicon ultrafiltration 
unit equipped with a UM 05 filter (cutoff 500 Da), to remove compounds 
smaller than 500 Da, like cDPG, 2,3-DPG and Pi. Fractions (100-ul) of the 
concentrated dialysate were tested with and without pellet 1 (100 ul) using 
the standard enzyme assay except that the cDPG concentration was 20 mM 
instead of 10 mM. 
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Fig. 3. Hydrolysis of cDPG. Reaction mixtures were prepared as described in 
Materials and Methods. The amounts of 2,3-DPG ( О ), cDPG ( D ) and 2-PG 
( Δ ) are plotted against time. Furthermore the total amounts of 2,3-DPG and 
2-PG ( · ) and the total amount of cDPG, 2,3-DPG and 2-PG ( • ) are plotted. 
HPLC Ion-exchange chromatography 
Ion-exchange chromatography was performed on a HP 1050 Ti auto­
mated gradient system as described before (Van Alebeek et al. Chapter 2). 
For analysis samples of 20 μΐ were injected on an Ionpac Α85Α-5μ anion-
exchange column (Dionex; P/N 037131). This ion-chromatographic system 
enabled the simultaneous quantification of cDPG, 2,3-DPG, 2-PG (and 3-PG), 
PEP, pyruvate and phosphate; no distinction could be made between 2-PG 
and 3-PG. 
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Fig. 4. Inhibition of the cDPG hydrolase reaction by the action of (A) phosphate and (B) 
potassium chloride. Reaction mixtures contained 20 mM cDPG, 50 μΐ cofactor-free extract 
and 12 mM MgClj (A) or 1.5 mM CoCl2 (B). The relative activity of cDPG hydrolase is 
plotted against the phosphate or KCl concentration. cDPG hydrolase activities of 2.9 
mU/mg and 1.0 mU/mg were taken as 100% for A and B, respectively. 
RESULTS 
cDPG hydrolysis 
Cyclic 2,3-diphosphoglycerate hydrolase (cDPG hydrolase) activity 
could not be demonstrated in crude extract of Methanobacterium 
thermoautotrophicum (strain ΔΗ) in any growth phase of the bacterium. After 
ultracentrifugation (1 hour; 40,000 χ g) still no activity could be shown in 
either the supernatant (1) or the pellet (1) (Fig. 2). Only after extended 
Amicon ultrafiltration of the supernatant cDPG hydrolase activity was present 
in the cofactor-free extract, though specific activity varied from preparation to 
preparation. During the reaction a decrease of cDPG and a simultaneous 
production of 2,3-DPG took place (Fig. 3). At the same time a small increase 
in 2-PG was seen as a result of hydrolysis of 2,3-DPG during boiling of the 
reaction mixtures (Van Alebeek et al. Chapter 2). The total concentration of 
2,3-DPG, cDPG and 2-PG, however, remained constant. The specific 
activities of the pertinent preparation for cDPG hydrolase activity were 3.3 
and 3.0 nmol per min per mg of protein on basis of cDPG decrease and 2,3-
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Fig. 5. Sephacryl S-300 elution pattern of cofactor-free extract (1 ml). The column (1.5 χ 
96 cm) was aerobically eluted (flow 1 ml/min) with 50 mM TES/K* buffer (pH 7) 
containing 100 mM KCl at ambient temperature. The absorbance at 280 nm was followed 
( ) and 2 min-fractions were collected. cDPG hydrolase activity was determined as 
described in Materials and Methods. The gel filtration column was calibrated with 
molecular weight standards ( v) and correspond to: 1, thyroglobulin (669 kDa); 2, 
apoferritin (443 kDa); 3, ß-amylase (200 kDa); 4, alcohol dehydrogenase (150 kDa) and 5, 
carbonic anhydrase (29.3 kDa). 
DPG plus 2-PG increase, respectively. The cofactor-free extract was used for 
the optimalization of the cDPG hydrolase reaction. 
Optimalization of cDPG hydrolysis 
cDPG hydrolysis was optimal at 60°C at pH 6.0. No activity was 
observed under air; addition of 10 mM DTT could not prevent this inhibition. 
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rabie 1. Isolation of cDPG hydrolase. Activity was determined in the presence of 10 mM 
DPG and 1 5 mM CoCl2 cDPG hydrolase activity is expressed as mU. 1 mU is 
•quivalent with 1 nmol cDPG hydrolyzed per min 
Step Volume 
(ml) 
Protein 
(mg) 
Total 
Activity 
(mU) 
Specific 
Activity 
(mU/mg) 
Yield 
(%) 
Purification 
Crude extract 
Pellet 1 
Cofactor-free 
extract 
Supernatant 2 
Supernatant 3 
Supernatant 4 
Pellet 4 
23 
22 
22 
20 5 
20 5 
20 5 
77 
nd 
nd 
1963 
1190 
217 
78 5 
123 7 
na 
na 
2205 
12 7 
39 8 
29 3 
3773 
-
-
1 12 
0 01 
0 18 
0 37 
30 5 
-
-
100 
06 
18 
13 
171 27 2 
ГЭ not determined, η ä no activity 
Upon removal of oxygen, cDPG hydrolase activity was restored, indicating 
hat cDPG hydrolase is an oxygen-stable enzyme. Furthermore, cDPG 
lydrolase appeared to be strongly inhibited by phosphate (Pi) (Fig. 4A). It 
was inhibited by 50% at a concentration of 0.6-0.7 mM Pi. In addition, KCl 
;aused a strong inhibition (Fig. 4B). In the presence of 0.2 M KCl, a 50% 
iecrease in cDPG hydrolase activity was seen. At 1 M KCl the remaining 
ictivity had even dropped to 10% of the original activity. 
Presence of cDPG hydrolase in the membrane fraction 
Preliminary purification using a variety of column chromatographic 
srocedures showed the hydrolase activity always to coelute with the opaque 
Tiembraneous particles. For instance, upon Sephacryl S-300 HR gel filtration 
sf cofactor-free extract activity was almost exclusively present in the mem-
brane fraction that was eluted with the void volume (Fig. 5). A minor peak 
was observed around 40 kDa. Moreover, after repeated ultracentrifugation of 
he cofactor-free extract activity was only recovered in the membrane pellet 
'pellet 4) (Table 1). The supematants (2-4) obtained lacked substantial 
ictivity. By this procedure cDPG hydrolase could be purified 27-fold with 
•espect to cofactor-free extract and the recovery amounted to 171%. 
71 
Absorbance(280nm) 
( 
cDPG hydrolase activity Fig 
(•-•.mU/ml) 
• 2 
100 
Fraction number 
б. Superóse 6 elution 
pattern of CHAPS treated 
membrane fraction. The sample 
was loaded on the column (25C 
μΐ) and anaerobically eluted 
with 50 mM MOPS (pH 7) 
containing 2 mM DTT, ImM 
CHAPS and 100 mM KCl at a 
flow of 0.3 ml/min at ambient 
temperature. The absorbance 
was followed at 280 nm 
( ) and fractions of 0.3 ml 
were collected. The fractions 
were screened for cDPG 
hydrolase activity according to 
Materials and Methods ( · — 9 ) 
and are expressed as mU/ml. 
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molecular weight protein stan­
dards ( v) and correspond to: 1, 
thyroglobulin (669 kDa); 2, 
apoferritin (443 kDa); 3, bovine 
serum albumin (67 kDa); 4, 
carbonic anhydrase (29.3 kDa) 
and 5, CN-B12 (1.34 kDa). 
Solubilization of cDPG hydrolase 
From the above experiments it is concluded that cDPG hydrolase is 
tightly bound to the membranes. This would imply that the enzyme must be 
solubilized by treatment with a detergent. To test this, cDPG hydrolase was 
purified from cofactor-free extract in essentially the same way described 
above, except that 50 mM MOPS buffer pH 7 was used instead of TES/K4 
buffer. To solubilize the enzyme activity the membranes (pellet 4) were 
incubated overnight at ambient temperature in the presence of 25 mM 
CHAPS. After centrifugation (5 min; 12,000 χ g), to remove large particles, 
about 28 mU/ml (40%) was found in the pellet fraction (pellet 5). The 
supernatant (5) contained about 44 mU/ml (60%) and was loaded on a 
superóse 6 HR 10/30 gel filtration column (Fig. 6). cDPG hydrolase activity 
was not present in the membrane fraction anymore, like in Fig. 5. All activity 
was recovered in two distinct peaks. The first and largest activity peak eluted 
at approximately 600 kDa and the second one at 30-40 kDa. Thus, all of the 
cDPG hydrolase activity in the supernatant is present in a soluble state. 
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Table 2. Involvement of divalent metal ions. Reaction mixtures were prepared as 
mentioned in Materials and Methods and contained 50μ1 cofactor-free extract, 50 mM 
TES/K+ (pH 7 at 20°C), 2mM OTT and 10 mM cDPG. Further additions are as shown in 
the Table. 100% refers to a specific activity of 3.0 mU/mg. 
EDTA (ImM) Metal ion (2mM) Relative Activity (%) 
-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-
-
Mg2+ 
Mn2 + 
Ni2 + 
Co2 + 
Zn 2 t 
Ca2+ 
100 
0 
3.8 
38.2 
70.9 
128 
0 
0 
Catalytic properties and metal requirement of the membrane-bound cDPG 
hydrolase 
The following experiments were performed with the purified membrane 
fraction. The hydrolysis of cDPG was determined in the presence of 1.5 mM 
Co2\ 2 mM DTT and 50 mM TES/K* (рНб.О; 60°C). The rate dependence 
on the substrate concentration followed Michaelis-Menten kinetics. A double 
reciprocal plot of the rate versus the substrate concentration was linear and 
yielded an apparent K
m
 for cDPG of 59 ± 9 mM. The V ^ estimated 216 ± 
23 mU/mg. 
If cofactor-free extract was incubated with 1 mM EDTA for 15 min at 
ambient temperature, no cDPG hydrolase activity was found, suggesting a 
divalent ion to be involved (Table 2). Activity could be restored by addition 
of 2 mM Co2+. Cobalt could be partially replaced by Ni2+ and Mn2+, which 
resulted in 71% and 38% of the original activity, respectively. Magnesium, 
calcium and zinc were inactive. 
After removal of EDTA by repeated washing and ultracentrifugation of 
the cofactor-free extract, activity of the pellet could only be restored by 
addition of Co2+ or Ni2+. In fact, cDPG hydrolase prepared in the absence of 
EDTA (pellet 4) had already become dependent on Co2+ for its activity. 
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Without Co the pellet showed an activity 0.78 mU/mg, whereas with Co2+ 
an activity of 12.0 mU/mg was measured. 
In order to assess in some detail the mode of inhibition by Pi (Fig. 4), 
membrane-bound hydrolase (pellet 4) was incubated in the presence of 1.5 
mM Co2+, with various concentrations of cDPG and Pi. Though inhibition 
always occurred when Pi was present in excess to Co2+, a quantitative 
evaluation of the results, however, was interfered by cobalt phosphate 
precipitation. 
Activation of cDPG hydrolase 
According to the above results cDPG hydrolase can be characterized as 
a membrane-bound enzyme. However, no active cDPG hydrolase could be 
found in the first pellet (pellet 1). Only after extended ultrafiltration (PM30 
filter) or dialysis of crude extract at ambient temperature cDPG hydrolysis 
could be detected. This could be due to the removal of a low-molecular-
weight inhibitor (e.g. phosphate). However, a quick desalting step of crude 
extract by means of gel filtration (econo-pac) did not result in active cDPG 
hydrolase. Alternatively, the hydrolase underwent some kind of activation 
during sample preparation, viz. prolonged ultrafiltration of the crude extract 
at ambient temperature. Indeed, incubation of cofactor-free extract prepared 
by YM3 ultrafiltration (cutoff: 3 kDa) at ambient temperature for up to one 
day resulted in an up to 5-fold stimulation of the enzyme activity. This 
treatment did not further stimulate the enzyme activity in РМЗО-prepared 
cofactor-free extract. An explanation for this is that the hydrolase requires 
some activating low-molecular-weight substance(s) (3-30 kDa) which is 
removed during PM30 ultrafitration. This was substantiated by the finding 
that dialysate which had been concentrated by Amicon UM 05 ultrafiltration 
strongly enhanced hydrolase activity of the membraneous 40,000 χ g pellet 
(pellet 1) obtained after centrifugation of crude extract (Fig. 7). The 
concentrated dialysate also had some hydrolase activity. Yet, the net 
stimulation on the 40,000 χ g pellet (1) is evident. Boiling for 30 min of the 
concentrated dialysate abolished the stimulating effect (and the intrinsic 
hydrolase activity of the dialysate) indicating a proteinaceous nature of the 
activating substance(s). 
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DISCUSSION 
Methanobacterium thermoautotrophicum (strain дН) contains a mem­
brane-bound cDPG hydrolase. This is concluded from the findings that 
enzyme activity coeluted with the membrane-bound fraction (Fig. 5) during 
column chromatography and that it was pelleted during ultracentrifugation 
(Table 1). Moreover, the enzyme could be solubilized by treatment of the 
membrane pellet with the detergent CHAPS (Fig. 6). 
Previously, Sastry et al. (1992) reported on the presence of a 33 kDa 
cytoplasmic cDPG hydrolase. We did not find evidence for the soluble 
enzyme, except for some low activity that passed the dialysis membrane 
during dialysing (Fig. 7) and some small activity during gel filtration (Fig.5). 
The properties of the membrane-bound cDPG hydrolase differed in 
many respects from the ones reported for the cytoplasmic enzyme. The 
membrane-bound cDPG hydrolase was strongly inhibited by KCl and Pi, and 
completely by oxygen, whereas the cytoplasmic enzyme was stimulated by 1 
M KCl and unaffected by oxygen. Furthermore, the cytoplasmic cDPG 
hydrolase was stimulated by 25 mM MgCl2 and DTT. These compounds did 
not affect the activity of the membrane-bound enzyme. Rather than Mg2+, 
• 
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Co2+ appeared to be a cofactor of the membrane protein. cDPG hydrolysis 
catalyzed by the latter followed simple Michaelis-Menten kinetics. The 
apparent Km for cDPG estimated 59 mM which is significantly higher than 
the one reported for the cytoplasmic enzyme (Km =11.8 mM). 
The solubilized cDPG hydrolase appeared to be a large protein of 
approximately 600 kDa (Fig. 6). Some activity was also seen around 30-40 
kDa. Probably, the enzyme consists of a complex of subunits that are 
integrated in the membrane. 
The membrane-bound nature of the enzyme may open some 
perspectives for the function of the enzyme and cDPG. During the hydrolysis 
of cDPG an energy-rich bond is broken. This energy could be used for the 
generation of an electrochemical gradient by the action of cDPG hydrolase. A 
transport function for the enzyme, however, remains to be established. 
cDPG hydrolysis seems to be highly regulated. In the first place the 
enzyme can be present in an active and an inactive form. In vitro activation 
requires the action of a low-molecular-weight protein present in the dialysate. 
Sastry et al. (1992) reported a higher recovery of the cytoplasmic cDPG 
hydrolase after treatment with alkaline phosphatase indicating that the 
activation of the pertinent cDPG hydrolase could be the result of a 
dephosphorylation. However, treatment with phosphatase did not result in an 
activation of the membrane-bound enzyme (not shown). In the second place 
the cDPG hydrolase is inhibited under specific conditions i.e. 02, K+ and Pi. 
The intracellular K+ concentration of 600 mM or higher (Jarrell et al. 1984; 
Schönheit et al. 1984) and the intracellular Pi concentration in the millimolar 
range (Gorris et al. 1990) should inhibit the reaction catalyzed by the 
membrane protein almost completely. In vivo cDPG synthesis and conversion 
occur simultaneously resulting in steady-state intracellular cDPG levels that 
are rather independent of the metabolic state of the cell (Tolman et al. 1986; 
Evans et al. 1985, 1986; Krueger et al. 1986a). Yet, when whole cells of M. 
thermoautotrophicum were incubated in medium with excess Pi, net synthesis 
of cDPG occurred (Krueger et al. 1986b), whereas its concentration 
diminished when cells were resuspended in Pi-free medium (Seely and 
Fahrney 1983). These observations reflect the in vitro results described here, 
where Pi was found an inhibitor of the cDPG hydrolase reaction. In this way 
the intracellular Pi concentration could be an important factor in governing 
7Λ 
the metabolic fate of cDPG. 
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ABSTRACT 
Cyclic 2,3-diphosphoglycerate (cDPG) synthetase from Methano-
bacterium thermoautotrophicum (strain дН) was partially purified and 
characterized. The enzyme with a molecular mass of 150 kDa catalyzed 
cDPG synthesis from 2,3-diphosphoglycerate (2,3-DPG) and Mg2+ / ATP. For 
2,3-DPG and Mg2+ the reaction followed simple Michaelis Menten kinetics 
showing apparent K
m
 values of 21 mM and 3,1 mM, respectively. ATP 
dependence was of more complex nature. cDPG synthesis proceeded 
optimally at pH 6.0 and 65°C and specifically required the presence of high 
(>0.4 M) concentrations of K+. Oxygen, phosphate or reducing agents did not 
affect the reaction. In fed-batch cultures cDPG synthetase activity did not 
vary among the different growth phases. In continuous cultures activity 
decreased with decreasing phosphate concentrations in the influent. The 
results are discussed in relation to the cDPG metabolism in M. 
thermoautotrophicum. 
7Q 
INTRODUCTION 
Cyclic 2,3-diphosphoglycerate (cDPG) is found in several 
methanogenic bacteria. In these bacteria the cDPG concentrations vary 
between 1 mM and 1 M (Tolman et al. 1986; Gorris et al. 1990; Hensel and 
König 1988; Huber et al. 1989; Rudnick et al. 1990). cDPG is a derivative of 
2,3-diphosphoglycerate (2,3-DPG) in which both phosphate groups are linked 
by a pyrophosphate bond (Kanodia and Roberts 1983; Seely and Fahrney 
1983, 1984a). cDPG was suggested to act as a storage compound of energy 
(Gorris et al. 1990; Van Alebeek et al. Chapter 3), phosphorous (Seely and 
Fahrney 1983) or cell carbon (Seely and Fahmey 1984b; Evans et al. 1985). 
Furthermore, cDPG was demonstrated to stabilize proteins at high 
temperatures (Hensel and König 1988). 
Biosynthesis and degradation of cDPG has been studied in two 
methanogens, Methanobacterium thermoautotrophicum (strain ΔΗ) and 
Methanothermus fervidus, and is shown to be connected with the 
gluconeogenetic route as proposed in Fig. 1 (Lehmacher et al. 1990; Van 
Alebeek et al. Chapter 2, 3 and 4). Besides, in M. thermoautotrophicum 
cDPG appears to be the precursor of some polymer (Gorkovenko and Roberts 
1993). In M. thermoautotrophicum cDPG degradation occurs by the 
hydrolysis of the pyrophosphate bonding (Sastry et al. 1992; Van Alebeek et 
al. Chapter 4), followed by the dephosphorylation of 2,3-DPG into 3-
phosphoglycerate (3-PG) (Van Alebeek et al. Chapter 3). In M. fervidus 
cDPG is synthesized from 2-phosphoglycerate (2-PG) in two subsequent 
ATP-dependent reactions. The enzymes involved, 2-phosphoglycerate kinase 
(2-PG kinase) and cyclic 2,3-diphosphoglycerate synthetase (cDPG 
synthetase), have been purified and characterized (Lehmacher et al. 1990). In 
M. thermoautotrophicum only the latter reaction has been detected (Van 
Alebeek et al. Chapter 2). 2-PG kinase activity has not been demonstrated 
yet. 
Since the routes of cDPG (and 2,3-DPG) synthesis and degradation are 
interconverted by the phosphoglycerate mutase reaction (Fig. 1), uncontrolled 
metabolism could give rise to the futile use of ATP. Hence, one might expect 
cDPG and 2,3-DPG synthesis and hydrolysis to be subject to some kind of 
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Fig. 1. cDPG biosynthesis and hydrolysis related to the intermediary cell 
carbon (C3-) metabolism in M. thermoautotrophicum (Van Alebeek et al. 
Chapter 3). The numbers refer to the following enzymes: 1, cyclic 2,3-
diphosphoglycerate hydrolase; 2, 2,3-diphosphoglycerate phosphatase; 3, 
phosphoglycerate mutase; 4, enolase; 5, phosphoenolpyruvate synthetase; 6, 2-
phosphoglycerate kinase; 7, cyclic 2,3-diphosphoglycerate synthetase. 
regulation. Since nothing is specifically known about this regulation, it was 
interesting to investigate cDPG synthesis in M. thermoautotrophicum. 
Regulation at the level of enzyme activity was investigated by the partial 
purification and characterization of cDPG synthetase. In order to study 
regulation at the level of protein synthesis, cDPG synthetase activities were 
determined in fed-batch and continuous cultures. The results are discussed in 
view of the proposed scheme for the cDPG metabolism (Fig. l.)(Van Alebeek 
et al. Chapter 3). 
MATERIALS AND METHODS 
Materials 
Procion Green HE-4BD (ICI; Manchester, U.K.) was a gift from Dr. 
J. Visser, Agricultural University of Wageningen, The Netherlands. The dye 
was immobilized (3 g dye/25 g Sepharose CL-6B (Pharmacia)) as 
documented before (Hondman and Visser 1990). All other chemicals were of 
highest grade available. 
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Organism, culturing and preparation of extract 
M. thermoautotrophicum strain ΔΗ (DSM 1053) was cultured at 65°C 
under hydrogen-carbon dioxide (80:20, v/v) on a defined medium (Gorris et 
al. 1990), except that NajS was replaced by Na2S203 (4 mM). For growth 
experiments cells were cultured either in a 0.5-1 continuous fermentor (D, 
0.173 h ' ; culture volume, 258 ml; hydrogen-carbon dioxide flow rate, 10 
liter/ h; magnetic stirring, 400 rpm) or in a 10-1 batch fermentor (hydrogen-
carbon dioxide flow rate, 1.2 liter/ min; stirring, 1200 rpm). Growth was 
monitored by measuring the density at 578 nm (O.D.57g) and the methane 
production (Hutten et al. 1981). In the course of the growth samples of cells 
were anaerobically taken and collected by means of centrifugation (30 min; 
40,000 χ g; 4°C). Cell-free extracts and cofactor-free extracts were prepared 
anaerobically as described before (Van Alebeek et al. Chapter 4). For the 
determination of cDPG, centrifuged cells were resuspended in milli-Q to a 
minimum concentration of 4 mg dry weight (d.w.)/ml. Hereafter, the cell-
suspensions were boiled for 45 min and denatured proteins were removed by 
centrifugation at 14,000 χ g for 10 min and the supematants were subjected 
to HPLC analysis. 
For the purification of cDPG synthetase cells were mass-cultured on a 
defined medium (Schönheit et al. 1979) under hydrogen and carbon dioxide 
(80:20, v/v) in a 300-liter fermentor as documented before (Van Beelen et al. 
1983). Cells were harvested before the entry of the stationary growth under 
nitrogen with a Sharpies continuous centrifuge and stored at -70°C. Cell-free 
extract was prepared anaerobically as described before (Van Alebeek et al. 
Chapter 4). 
For the calculations an intracellular volume of 1.8 ml / g. d.w. of cells 
(Schönheit and Perski 1983) was taken; biomass was assumed to be 0.4 g. 
d.w. per liter culture at O.D.578 = 1 (Schönheit et al. 1980). Protein was 
determined with the Biorad method using γ-globulin as a standard. 
Partial purification of cDPG synthetase 
Purification of cDPG synthetase was performed aerobically at the 
indicated temperatures. To 30-ml cell-free extract NaCl was added to a final 
concentration of 3 M. The suspension was centrifuged for 20 min at 20,000 χ 
g at 4°C to remove large particles. Hereafter, 15-ml aliquots of the 
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supernatant were separated on a Phenyl-Sepharose column (1.5 cm χ 21 cm; 
20°C) equilibrated in 50 mM TES/K+ buffer (pH 7) containing 3 M NaCl. 
The column was eluted with a simultaneous linear gradient of 3 to 0 M NaCl 
and 0 to 30% ethylene glycol (400 ml; flow 2 ml/min) in 50 mM TES/K+ 
buffer (pH 7) followed by a 30-ml gradient of 30 to 50% ethylene glycol in 
50 mM TES/K+ buffer (1 ml/min). Fractions of 4 ml were collected and 
screened for activity. The active fractions eluting at 1.3 M NaCl and 17 % 
ethylene glycol were pooled, concentrated and desalted with 50 mM TES/K+ 
buffer (pH 7) using an Amicon ultrafiltration unit equipped with an YM3 
filter (cutoff: 3 kDa) at 4°C. In the next step, the cDPG synthetase pool was 
applied to a TSK DEAE EMB prep column (1.5 cm χ 21 cm) equilibrated in 
50 mM TES/K+ buffer (pH 7). The elution of the proteins took place with a 
linear gradient of 0 to 0.5 M NaCl (200 ml; flow, 1 ml/min; 4°C) followed 
by a gradient of 0.5 to 1.0 M NaCl (50 ml) in the above TES buffer; 
fractions of 1 ml were collected. Active fractions eluting at 0.46 M NaCl 
were pooled and desalted with 50 mM TES/K+ buffer (pH 7) containing 2 
mM MgCl2 on an Amicon YM3 filter at 4°C. In the last step the TSK DEAE 
pool was loaded on a Procion Green HE-4BD column (1 cm χ 6 cm; flow 
0.5 ml/min; 20°C) equilibrated with 50 mM TES/K+ buffer (pH 7) containing 
2 mM MgCl2- Hereafter, the column was washed with 16.5 ml of the 
equilibration buffer and 16.5 ml of the equilibration buffer at pH 6.5. Next, 
cDPG synthetase was eluted with 50 mM TES/K+ buffer (pH 6.5) containing 
10 mM ATP (24 ml; 1 ml/min). Finally the column was rinsed with 50 mM 
TES/K+ buffer (pH 6.5) containing 2 M KCl (21.5 ml; 1 ml/min). The active 
fractions were pooled, desalted and concentrated with 50 mM TES/K+ buffer 
(pH 7) on an Amicon YM3 filter at 4°C. 
Enzyme assays 
The standard reaction mixtures for the determination of cyclic 2,3-
diphosphoglycerate synthetase activity contained 40 mM MgCl2, 20 mM 
ATP, 0.5 M KCl, 20 mM 2,3-DPG, 50 mM TES/K+ buffer (pH 6 at 60°C) 
and enzyme fractions as indicated in a total volume of 200 ul. Reaction 
mixtures were prepared aerobically in 10-ml serum vials at ambient 
temperature. At this temperature the reaction rate was negligible. Reactions 
took place under air and were started by placing the vials at 60°C. After an 
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Fig. 2. Relationship between growth of Methanobactenum 
thermoautotrophicum and cDPG synthetase activity in a fed batch 
system (10-L). The absorbance at 578 nm ( О ) and the cDPG 
synthetase activities of cell extract ( D ) and cofactor-free extract 
( ν ) are plotted as function of time. 
appropriate incubation period the reactions were stopped by placing the vials 
on ice. Hereafter the vials were opened, the reaction mixtures were diluted 
with 750 μΐ milli-Q water, boiled for 15 min to denature proteins and cooled 
on ice for 10 min. During boiling 9.5% of the 2,3-DPG was hydrolyzed to 
phosphoglycerate (PG) and Pi; cDPG was stable against the heat treatment 
step (Van Alebeek et al. Chapter 2). Subsequently, 50 μΐ of 10 mM oxalate 
was added as internal standard and the samples were centrifuged at 12,000 χ 
g for 10 minutes to remove denatured protein. The supernatant was subjected 
to HPLC analysis. cDPG synthetase activity was determined on the basis of 
cDPG increase or 2,3-DPG + 2-PG decrease. 1 mU of activity is defined as 
the amount of enzyme synthesizing 1 nmol cDPG per min. 
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Analytical methods 
HPLC ion-exchange chromatography was performed on a HP 1050 Ti 
automated gradient system as described before (Van Alebeek et al. 
Chapter 2). For analysis samples of 20 μΐ were injected on an Ionpac AS5A-
5μ anion-exchange column (Dionex; P/N 037131). This ion-chromatographic 
system enabled the simultaneous identification and quantification of cDPG, 
2,3-DPG, 2-PG (and 3-PG), PEP, pyruvate and phosphate; no distinction 
could be made between 2-PG and 3-PG. 
The native molecular weight was determined with gel filtration. 
Cofactor-free extract (1 ml) was loaded on a Sephacryl S-300 HR column 
(1.5 χ 96 cm) equilibrated in 50 mM TES/K+ buffer (pH 7) containing 100 
mM KCl (flow 1 ml/min; ambient temperature). The column was aerobically 
eluted and the absorbance at 280 nm was followed. Fractions (2 ml) were 
collected and the cDPG synthetase activity was determined as described in 
Materials and Methods. The gel filtration column was calibrated with the 
following molecular weight standards (Sigma): thyroglobulin (669 kDa); 
apoferritin (443 kDa); ß-amylase (200 kDa); alcohol dehydrogenase (150 
kDa) and carbonic anhydrase (29.3 kDa). 
Electrophoretic separation of proteins was performed using a Pharmacia 
Phast System Apparatus (Pharmacia LKB Biotechnology, Uppsala, Sweden). 
Native gel electrophoresis was performed on a 8-25% gradient 
Polyacrylamide gel. Procedures and staining with Coomassie Brilliant Blue 
(R250) were according to the instructions of the manufacturer. 
Polyacrylamide gel electrophoresis markers (Sigma Chemical Company, St. 
Louis, MO, USA) were the following: chicken egg albumin, 45 kDa; bovine 
serum albumin, 66 kDa (monomelic) and 132 kDa (dimeric); alcohol 
dehydrogenase, 150 kDa and ß-amylase, 200 kDa. 
RESULTS 
cDPG synthetase activity in Methanobacterium thermoautotrophicum 
Previously, we reported on the presence of cDPG synthetase in M. 
thermoautotrophicum and found activities of about 3 mU per mg crude 
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Table I. Effect of the phosphate concentration on the cDPG synthetase activity and cDPG 
content in M. thermoautotrophtcum in continuous cultures. Cultunng was performed as 
described in Materials and Methods in the presence of 0.5 to 50 mM Pi. After 
establishment of a steady state the О D
 578 and the YCH4 were determined and cells were 
tested for cDPG synthetase activity and cDPG content. 
Pi concentration 
(mM) 
05 
10 
5.0 
50 
O D „ , 
12 
2 3 
4 4 
4 4 
cDPG 
(mU/ 
0 8 
12 
nd 
nd 
synthetase 
mg protein)' 
(14) 
(2 8) 
(nd) 
(nd) 
cDPG content 
(μπιοΙ / g d w ) 
54 
66 
109 
117 
(gd 
Ya« 
w / mol CH4) 
1 29 
134 
193 
184 
Values between brackets represent synthetase activities in cofactor-free extracts, 
n.d., not determined 
extract resolved from low-molecular-weight compounds (cofactor-free extract) 
(Van Alebeek et al. Chapter 2). We now followed synthetase activities in the 
organism during growth in fed-batch (Fig. 2.) and continuous (Table 1) 
fermentors. 
Growth of M. thermoautotrophtcum in the batch fermentor was 
characterized by a short exponential phase followed by an extended period at 
which cell mass linearly increased with time. During this phase cell growth is 
limited by the hydrogen supply (Gorris et al. 1990; Seely and Fahmey 
1984b). cDPG content during the linear growth increased in 12.4 h from 85 
μιηοΐ per g dry weight (d.w.) of cells (47 mM) at O.D.578 = 0.9 to 188 μιηοΐ / 
g d.w. (104 mM) at O.D.578 = 3.8. At an O.D.578 of about 4 the stationary 
phase was reached. During the whole cycle approximately the same specific 
activities of cDPG synthetase were found (6-6.5 mU per mg crude extract) 
(Fig. 2). If 50% of the dry weight is composed of protein, it may be 
calculated that during the linear phase the increase of activity as the result of 
cell growth was more than sufficient to account for the accumulation of 
cDPG. Remarkably, specific activities of cofactor-free extract prepared from 
the crude extracts steadily decreased, notably during the linear and stationary 
phases. Somehow, the enzyme became more sensitive towards the desalting 
procedure. 
86 
Relative activity 1%) 
20 40 60 SO 
Temperature i'Z) 
кеі< 
100 
80 
60 
40 
20 
0 
ігі е асп іту 
/ /° 
• / / 
о 
' / 
о 
Voi 
^ - ^ -
c 
° ^ 
Relative activity ( % ) -
100 
80 
60 
40 
20 
0 
/ \ 
V. 
4 5 6 7 6 9 
рн 
Fig. 3. Effect of the temperature 
(A), pH (B) and KCl concentration 
(C) on the cDPG synthetase 
reaction. The activities were 
determined with cofactor-free 
extract as specified in Materials and 
Methods. 100% refers to a specific 
activity of 2.24, 2.62 and 2.35 
mU/mg for А, В and C, 
respectively. The pH dependence 
(B) was determined using 100 mM 
MES ( О ) or 100 mM TRIS/HC1 
( D ) buffer set at the temperature of 
the reaction (60°C). 
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cDPG concentrations and cDPG synthetase activities in continuous 
cultures were studied as a function of the phosphate concentration in the 
medium (Table 1). Lowering of the Pi from 50 mM to 5 mM did not affect 
the O.D.57g at steady state indicating that the compound was not limiting at 
these concentrations. Further decrease to 1 mM and 0.5 mM resulted in a 
decrease of O.D.57g to 2.3 and 1.2, respectively. Here, Pi had become growth-
limiting. The change from Pi-non-limiting to Pi-limiting conditions was 
accompanied with a decline in the cDPG content and of the YCH4. In addition, 
cDPG synthetase acvtivities decreased at least during Pi limitation. Opposed 
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Table 2. Partial purification of cDPG synthetase from M. thermoautotrophicum (strain 
ΔΗ). The cDPG synthetase was partially purified as described in Materials and Methods. 
Enzyme activity was determined by following the formation of cDPG. 1 milli Unit is 
defined as the amount of enzyme that catalyzes the conversion of lnmol 2,3-DPG to 
cDPG per min at 60°C in a reaction mixture of 50 mM TES/K+ buffer (pH 6) containing 
20 mM 2,3-DPG, 20 mM ATP, 40 mM MgCl2 and 0.5 M KCl. 
Step 
Cell extract 
Φ-Sepharose 
TSKDEAE 
Procion Green 
Protein 
(mg) 
2,162 
241 
42.5 
3.1 
Activity 
(mU) 
8,000 
2,048 
1,392 
480 
Specific activity 
(mU/mg) 
3.7 
8.5 
32.8 
154.8 
Purification 
(-fold) 
1.0 
2.3 
8.9 
41.8 
Yield 
(%) 
100 
25.6 
17.4 
6.0 
to the above observations, activities in cofactor-free extracts were about two­
fold higher compared to crude extracts prepared from the exponentially 
growing cells. Synthetase activities of the cofactor-free extracts were 
sufficient to explain the cDPG content of the cells. 
Optimal conditions of the cDPG synthetase reaction 
Cofactor-free extract was used to determine the optimal conditions of 
cDPG synthesis. cDPG synthetase showed sharp optima for the temperature 
and pH (Fig. ЗА and B). Optimal activity was found at 65°C and pH 6.0. In 
addition, activity strictly required the presence of salt. Optimal activity was 
found at 0.4-0.6 M KCl (Fig. 3C). KCl (0.5 M) could be replaced by 0.5 M 
CH3COOK (136%), but not by 0.5 M NaCl (5.4%) indicating that the 
presence of the potassium ion was specifically needed for cDPG synthesis to 
occur. The presence of oxygen, DTT or Pi did not affect the reaction. 
Synthesis of cDPG was inhibited by 1 mM EDTA (88%) and activity could 
be restored with excess Mg2+. Magnesium could be replaced by Co2+, Mn2+ 
and Ni2+ which resulted in 42, 37 and 25% of the original activity, 
respectively. Ca2+, Zn2+ and Fe2+, however, were unsuitable for restoration of 
the activity. 
яй 
Table 3. Heat stability of cDPG synthetase. Cofactor-free extract was 
incubated during one hour at different temperatures (60-85°C). After cooling on 
ice, activities were determined according to Materials and Methods. Untreated 
cofactor-free extract was taken as the control; 100% refers to a specific activity 
of 2.0 mU/mg. 
Incubation temperature Relative activity 
TO (%) 
control 100 
60 45.8 
65 7.0 
70 0.6 
75-85 0.0 
Partial purification of cDPG synthetase from M. thermoautotrophicum 
cDPG synthetase, localized in the soluble fraction, was subjected to a 
three-step purification procedure discussed in Materials and Methods (Table 
2). The final step employed Procion Green HE-4BD (dye affinity) column 
chromatography. Binding of cDPG synthetase was only accomplished in the 
presence of MgCl2. Hereafter, the enzyme could be specifically eluted by 
ATP. The procedure gave a 42-fold increase in specific activity, but it was 
accompanied with a large loss in activity (yield: 6%). The enzyme was not 
pure at this stage and native 8-25% Polyacrylamide gel electrophoresis 
indicated the presence of multiple bands. A molecular mass (150 kDa) could 
be estimated for the native enzyme on the basis of gel filtration on a 
Sephacryl S-300 HR column (not shown). 
Enzyme stability 
As mentioned, purification of cDPG synthetase was accompanied with 
a major loss in activity. Repeated freezing and thawing of the most purified 
enzyme preparation resulted in a further 98% loss in activity, which explains 
the variation in the following experiments (Fig. 4). In addition, the synthetase 
appeared to be quite heat labile. Incubation of cofactor-free extract during 
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Fig. 4. Effect of the 2,3-DPG (A), ATP (B) and Mg2+ (C) concentrations on 
the cDPG synthetase activity. Activities were measured as described in 
Materials and Methods in the presence of (A) 20 mM ATP and 40 mM MgCl2, 
(B) 20 mM 2,3-DPG and 40 mM MgCl2 and (C) 20 mM 2,3-DPG and 20 mM 
ATP. Reactions were performed with the cDPG synthetase after Procion Green 
HE-4BD column chromatography. The insets show the respective Lineweaver-
Burk plots. 
one hour at 60°C and 65°C, viz. the optimal reaction temperature, resulted in 
50% and 93% losses in activity, respectively (Table 3). No activity could be 
recovered after a same treatment at temperatures above 70°C. 
Kinetic characterization of the cDPG synthetase reaction 
cDPG synthetase requires 2,3-DPG and Mg2+ / ATP as the substrates. 
The dependence for 2,3-DPG followed simple Michaelis-Menten kinetics with 
an apparent K^= 21 ± 3 mM (Fig. 4A). ATP dependence was more complex 
(Fig. 4B), since a plot of the reciprocal reaction velocities versus reciprocal 
substrate concentrations did not yield a straight line. With respect to 
magnesium, some activity was found in the absence of extra Mg2+ (Fig. 4C). 
However, if the activities were corrected for this residual activity, a 
Lineweaver-Burk plot gave a straight line (Fig. 4C, inset) from which an 
apparent K,,, [Mg2+] = 3.1 ±0.1 mM could be calculated. 
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DISCUSSION 
cDPG synthesis and hydrolysis in methanogenic bacteria are catalyzed 
by two different enzymes, cDPG synthetase and cDPG hydrolase (Fig.l) 
(Lehmacher et al. 1990; Sastry et al. 1992; Van Alebeek et al. Chapter 4). In 
this paper we focused on the cDPG synthetase from M. thermoautotrophicum. 
Characterization of the enzyme revealed some similarities and differences 
with the previously purified cDPG synthetase from the extremely 
thermophilic M. fervidus (Lehmacher et al. 1990). Both enzymes were soluble 
proteins of similar molecular weight (150 kDa and 145 kDa for M. 
thermoautotrophicum and M. fervidus, respectively) and both enzymes 
catalyzed cDPG synthesis from 2,3-DPG and Mg2+ / ATP. With respect to the 
enzyme kinetics there were some notable differences. For the M. 
thermoautotrophicum enzyme the Km (2,3-DPG) = 21 mM was about four-
fold higher than in M. fervidus (5.5 mM). Whereas the Km (ATP) values were 
about equal , 1-2 mM, ATP use in M. thermoautotrophicum did not follow 
simple Michaelis-Menten kinetics as was the case for the synthetase from M. 
fervidus. Remarkably, both enzymes showed a residual activity when Mg2+ 
was omitted from the assays. Both enzymes required high K+ concentrations 
for optimal activity. Whereas M. fervidus cDPG synthetase activity was only 
stimulated by its presence, the enzyme from M. thermoautotrophicum 
appeared to be completely inactive in the absence of K+. 
The instability of cDPG synthetase impeded a more thorough 
purification and characterization. This instability tended to increase in the 
course of the linear and stationary growth, viz. under conditions where the 
energy (hydrogen) supply become limiting. This did not apply to cells that 
grew exponentially in the continuous fermentor. Moreover, heat stability of 
the enzyme in cofactor-free extracts was only poor, which is remarkable since 
M. thermoautotrophicum is a thermophilic organism. It, however, can not be 
ruled out that in whole cells components are present which protect the 
enzyme from heat inactivation. 
Uncontrolled synthesis and hydrolysis of cDPG would give rise to the 
futile consumption of ATP. Consequently, one would expect either or both 
enzymes to be subject to some regulation. This could be at the level of 
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Table 4. Comparison of some properties of cDPG synthetase and cDPG hydrolase from 
M. thermoautotrophicum. 
Property 
Localization 
Activation requirement 
High salt (K+) concentration 
Phosphate 
Oxygen 
Metal requirement 
cDPG synthetase 
cytoplasmic 
no 
stimulation 
no effect 
no effect 
Mg2+ 
cDPG hydrolase3 
membrane-bound 
yes 
inhibition 
inhibition 
inhibition 
Co 2 + 
The data were taken from Van Alebeek et al. (Chapter 4) 
enzyme synthesis and / or enzyme activity. In batch fermentors where growth 
proceeds through stages of energy excess and limitation, cDPG synthetase 
activity remained constant. In continuous cultures activity was only lowered 
under Pi-limited conditions. Under these conditions Pi-uptake becomes an 
energy dependent process (Krueger et al. 1986b), which corroborates our 
finding (Table 2) that a shift from Pi-non-limiting to Pi-limiting conditions 
resulted in a decrease of YCH4- Apparently, the availability of phosphate 
governs the production of cDPG synthetase. Both in fed-batch and in 
continuous cultures we measured cDPG contents that could be explained by 
the cDPG synthetase activity present in the cells. However, cDPG hydrolase 
appeared to be inactive in fed-batch and in continuous cultures. Yet, the 
presence of the enzyme could be consistently demonstrated after removal of 
low-molecular-weight inhibitors (salt, phosphate) and after some preactivation 
of the extracts (Van Alebeek et al. Chapter 4). In several respects the cDPG 
synthetase and cDPG hydrolase behave antagonistically (Table 4). By 
comparison of these properties it can be predicted that under most conditions 
the cDPG synthetase will be active, while the cDPG hydrolase is inoperative 
resulting in the observed cDPG accumulation. Only under certain stress 
situations characterized by low intracellular concentrations of K+, phosphate 
and ATP, the cDPG hydrolase may become activated, whereas the cDPG 
synthetase is inactive. Under such conditions the cDPG pool could serve as 
an energy and / or phosphate reserve to the cells. 
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Chapter 6 
Tripolyphosphatase from Methanobacterium thermoautotro-
phicum (strain ΔΗ) 
Gert-Jan W.M. van Alebeek, Jan T. Keltjens and Chris van der Drift 
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Toernooiveld 1 NL-6525 ED Nijmegen, The Netherlands. 
(Submitted for publication) 
SUMMARY 
A low-molecular-weight polyphosphatase (tripolyphosphatase) from the 
archaeon Methanobacterium thermoautotrophicum (strain ΔΗ) was purified 
340-fold and characterized. 
The tripolyphosphatase showed an optimal activity at 85°C and pH 9.7 
(at 60°C). Though the highest activities were measured with tripolyphosphate, 
also tetrapolyphosphate (57%), phosphate glass type 5 (41%) and phosphate 
glass type 15 (20%) could be used as substrates. However, 
tripolyphosphatase was unable to use pyrophosphate. The enzyme was 
dependent on the presence of Mg2+. In the presence of 2 mM PPPi an optimal 
activity was found at 6 mM magnesium. The K
m
 for PPPi was estimated with 
the integrated Michaelis-Menten equation at 0.37 mM. In addition, the 
enzyme was inhibited by KF (50% at 6 mM) and appeared to be very heat 
stable. After an incubation of 2 hours at 85°C about 85% of the activity was 
still present. 
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INTRODUCTION 
Inorganic polyphosphates, linear polymers of three to more than 1000 
inorganic orthophosphate residues, have been detected among all forms of life 
(Kulaev 1979; Wood and Clark 1988), including methanogenic archaea 
(Rudnick et al. 1990; Scherer and Bochem 1983; Scherer et al. 1990; Tolman 
et al. 1986). In the organism used in this study, Methanobacterium 
thermoautotrophicum (strain ΔΗ), polyphosphates appear to be absent 
(Kanodia and Roberts 1983; Seely and Fahrney 1983; this paper) and, 
instead, cyclic 2,3-diphosphoglycerate (cDPG) is the main phosphorus 
compound in the cell. Yet, the organism contains an enzyme capable of 
hydrolyzing low-molecular-weight polyphosphates. The enzyme shows the 
highest activity towards tripolyphosphate (PPPi) and hence can be denoted as 
a tripolyphosphatase (PPPi-ase)(Kulaev and Vagabov 1983). 
PPPi-ase, which has not yet been described for archaea, was purified 
from M. thermoautotrophicum 340-fold and characterized to some extent. A 
typical property is the extreme temperature stability. The role of the enzyme 
is discussed in view of the apparent absence of polyphosphates in the 
organism. 
MATERIALS AND METHODS 
Materials 
cDPG was purified as described before (Gorris et al. 1990). 
Pyrophosphate, tripolyphosphate, tetrapolyphosphate and the polyphosphates 
(PolyP
n
) phosphate glass type 5 (n = 5 ± 2) and phosphate glass type 15 
(n = 15 ± 3) were obtained from Sigma (Sigma Chemical Company, St. 
Louis, MO, USA). All other chemicals were of highest grade available. 
Organism and cell growth 
Methanobacterium thermoautotrophicum strain дН (DSM 1053) was 
cultured in a 300-1 fermentor on H2 and C 0 2 (80:20, v/v) on a mineral 
medium according to Schönheit et al. (1979). Cells were anaerobically 
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harvested just before the stationary growth phase with a Sharpies continuous 
centrifuge and were stored at -70°C under nitrogen. 
Partial purification of ^polyphosphatase 
Cell-free extract was prepared by suspending wet cells (1 g wet 
cells/ml buffer) in anoxic 50 mM TES/K+ (pH 7) containing DNase and 
RNase (each 10 Mg/ml). The cell suspension was passed through a French 
pressure cell at 138 MPA under continuous flushing with N2. Cell debris and 
unbroken cells were removed by centrifugation at 4,000 χ g (20 min, 4°C). 
The supernatant is hereafter referred to as cell-free extract. 
During purification all proceedings were carried out aerobically. 25 ml 
cell-free extract was subsequently adjusted at 4°C to 40%, 60% and 80% 
ammonium sulfate saturation, by adding dropwise aqueous saturated 
ammonium sulfate in 50 mM Tris/HCl (pH 8.5 at ambient temperature). 
Following gently stirring for 10 min at 4°C, the precipitated proteins were 
collected by means of centrifugation (30 min, 39,000 χ g, 4°C) and taken up 
in 25 ml 50 mM Tris/HCl (pH 7) containing 30% ammonium sulfate. Major 
part of the enzyme activity was present in the 40-60% fraction. 
The latter pool was applied to a Phenyl-Sepharose C1-4B column (1.5 χ 
21 cm; flow rate 2 ml/min; 20°C) equilibrated in 50 mM Tris/HCl (pH 7) 
containing 30% ammonium sulfate. The column was developed using a 
simultaneous linear gradient of 30 to 0% ammonium sulfate and 0 to 30% 
ethylene glycol (600 ml). Hereafter, a gradient of 30 to 50% ethylene glycol 
was applied (10 ml; flow lml/min). Subsequently, the column was 
isocratically eluted with the same 50% ethylene glycol containing buffer. 
Active fractions eluting at 5% ammonium sulfate and 25% ethylene glycol 
were pooled and desalted with 50 mM Tris/HCl (pH 7) using an Amicon 
ultrafiltration unit equipped with a YM-3 filter (cutoff: 3 kDa). 
The desalted pool was loaded on a TSK DEAE-5PW column (0.75 χ 
7.5 cm; flow 1 ml/min, 20°C) equilibrated in 50 mM Tris/HCl (pH 7). A 75-
ml linear gradient of 0 to 0.3 M NaCl and a subsequent 20-ml gradient from 
0.3 to 1.0 M NaCl were applied to the column. Fractions of 1 ml were 
collected and screened for activity. The active fractions eluting at 0.15 M 
NaCl were pooled and desalted with 50 mM Tris/HCl (pH 9) on an Amicon 
YM-3 filter. Hereafter the pool was loaded on a TSK DEAE-5PW column 
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Fig. 1. Elution profile of PPPi-ase on a Phenyl-Sepharose column. Chromatography 
conditions were as follows: flow rate, 2 ml/min; temperature, 20°C and fraction size, 4 ml. 
The elution profile (A2ao; ), PPPi-ase activity ( О—О ) and the PPi-ase activity 
( D—D ) are plotted against the fraction number. In addition, gradients of (NH4)2S04 ( ) and ethylene glycol (EG; ) are indicated. 
(0.75 χ 7.5 cm; flow 1 ml/min; 20°C) equilibrated in 50 mM Tris/HCI (pH 
9). Separation was achieved by a 5-min linear gradient of 0 to 0.1 M NaCl 
followed by gradients of 0.1 to 0.25 M NaCl in 150 min and from 0.25 to 
1.0 M NaCl in 20 min, respectively. Active fractions eluting at 0.22 M NaCl 
were pooled and concentrated on an Amicon YM-3 filter. The partially 
purified PPPi-ase was stored at -20°C. 
Enzyme assays 
PPPi-ase (EC 3.6.1.25) and inorganic PPi-ase (EC 3.6.1.1.) were 
measured by following the formation of inorganic phosphate. The standard 
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reaction mixtures contained 0.2 M Tris-maleate (pH 8.5; 20°C), 24 mM 
MgCl2 and 2 mM sodium tripolyphosphate or 1 mM sodium pyrophosphate. 
After a 10-min preincubation at 60°C reactions were started by the addition 
of PPPi. At 10-minute intervals samples of 100 μΐ were taken and put on ice 
to stop the reaction. PPi-ase activity was measured at 60°C. Here, samples of 
100 μΐ were taken at 1-minute intervals and put on ice. 
Inorganic phosphate was stained with freshly prepared phosphate 
reagent. 1 ml reagent was added to the 100 ul samples and after 30 minutes 
the absorbance of the phosphate-molybdate complex was measured at a 
wavelength of 660 nm. Phosphate reagent was prepared by dissolving 1% 
ammonium heptamolybdate (w/v) in 0.83 M sulfuric acid followed by the 
addition of 8% iron(II)sulfate (w/v). 1 Unit (U) activity is defined as the 
amount of enzyme hydrolyzing Ιμπιοί PPPi/min (or PPi/min), respectively. 
The conversion of PPPi to Pi and PPi was verified by means of an ion-
chromatographic separation system as described before (Van Alebeek et al. 
Chapter 2). In the reaction mixture Tris-maleate is replaced by 50 mM 
Tris/HCl (pH 8.5; 20°C), because of the interference of maléate in the 
analysis. After incubation samples were put on ice until analysis. 
Isolation of polyphosphate 
The procedure of Clark et al. (1986) was used to detect the potential 
presence of polyphosphates in cells of M. thermoautotrophicum that were 
harvested at the stationary growth phase. 
Gel electrophoresis 
Electrophoretic separation of proteins was performed using a Pharmacia 
Phast System Apparatus (Pharmacia LKB Biotechnology, Uppsala, Sweden). 
A native 20% homogeneous Polyacrylamide gel was run and hereafter stained 
with Coomassie Brilliant Blue (R250) according to the instructions of the 
manufacturer. Sigma (Sigma Chemical Company, St.Louis, MO, USA) PAGE 
markers were the following: a-lactalbumin, 14.2 kDa; chicken egg albumin, 
45 kDa; bovine serum albumin, 66 kDa (monomelic) and 132 kDa (dimeric). 
Activity staining of the PPPi-ase was performed according to Baykov 
and Volk (1985) on gels that had been incubated for 1 hour at 60°C in a 
standard reaction mixture. 
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Table 1. Partial purification of PPPi-ase from Methanobacterium thermoautotrophicum 
(strain ΔΗ). PPPi-ase was assayed and purified as described in Materials and Methods. 
1 mU is defined as the amount of enzyme that catalyzes the conversion of 1 nmol PPPi 
per min at 60°C. 
Step 
Cell extract 
40-60% 
(NH4)2S04-pellet 
Phenyl-Seph 
TSK DEAE 
TSK DEAE 
arose 
(pH7) 
(pH9) 
Protein 
(mg) 
1054 
397 
117 
7.4 
0.9 
Activity 
(U) 
11.7 
15.3 
5.1 
3.5 
3.3 
Specific activity 
(mU/mg) 
11.1 
38.5 
43.6 
467 
3752 
Purification 
(-fold) 
1.0 
3.5 
3.9 
42.1 
338 
Yield 
(%) 
100 
131 
43.6 
30.1 
28.2 
Protein assay 
The protein concentration of samples was determined with the Bio-Rad 
protein reagent with bovine γ-globulin as standard (Bio-Rad Laboratories, 
Richmond, CA, USA). 
RESULTS 
Partial purification of PPPi-ase 
PPPi-ase was purified 340-fold in five steps as described in Materials 
and Methods (Table 1). Residual PPi-ase activity present after 40-60% 
ammonium sulfate fractionation of cell-free extract was separated from PPPi-
ase during the subsequent Phenyl-Sepharose step (Fig. 1). Gel electrophoretic 
analysis on PAGE (Fig. 2; lane 3) revealed several bands, indicating that the 
enzyme was not yet pure. Activity staining showed PPPi-ase to comigrate 
with a major 22 kDa band on the native gel (Fig. 2; lane 1). Taking 
advantage of the heat stability of the enzyme, some contaminating proteins 
could be removed by heating at 85°C for 2 h and subsequent centrifugation 
(Fig. 2; lane 2). The heating step , however, did not result in a significant 
increase in specific activity when used at this phase of the purification. 
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Fig. 2. Native 20% gel electrophoresis of partially purified PPPi-ase from 
Methanobacterium thermoautotrophicum (strain ΔΗ). In lanes (1) and (3) 0.84 μg PPPi-
ase (TSK DEAE pH 9) was applied and either stained for accumulated phosphate after 60 
min of incubation at 60°C in the standard reaction mixture (lane 1), or with Coomassie 
Brilliant Blue (R250) (lane 3). In lane (2) 0.64 μg partially purified tripolyphosphatase 
(TSK DEAE pH 9) obtained after 2 hours of incubation at 85°C of the TSK DEAE (pH 9) 
fraction (lane 3) was applied and stained with Coomassie Brilliant Blue (R250). Horizontal 
bars represent Sigma PAGE markers: a-lactalbumin, 14.2 kDa; chicken egg albumin, 45 
kDa; bovine serum albumin, 66 kDa (monomeric) and 132 kDa (dimeric). 
Optimalization and verification of the PPPi-ase reaction 
PPPi-ase showed an optimal activity at a temperature of 85°C and a pH 
of approximately 9.7 (60°C), in Tris-maleate buffer. The buffer capacity of 
Tris-maleate in this range is low. More suitable buffers in this range, like 
glycine and CAPS, gave much lower PPPi-ase activities than Tris-maleate. 
With 0.1 M glycine the activity did not vary between pH 8 - 9.5. With 0.1 M 
CAPS an optimal activity was found at pH 10. 
Hydrolysis of PPPi into PPi and Pi was verified by means of an ion 
chromatographic separation system. PPPi hydrolysis catalyzed by partially 
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Fig. 3. Effect of the magnesium ion concentration on the specific activity of 
PPPi-ase. The concentration of Mg2* was varied between 0 and 24 mM in the 
presence of 2 mM PPPi Activities were determined as mentioned in Materials 
and Methods using partially purified PPPi-ase (TSK DEAE pH 7) 100% refers 
to a specific activity of 375 mU/mg 
purified PPPi-ase (TSK DEAE pH 7) was accompanied by the simultaneous 
increase in Pi and PPi. The specific activities determined on the basis of PPPi 
decrease, and Pi and PPi increase were 582, 590 and 573 nmol per mm per 
mg, respectively, which is in agreement with the reaction stoichiometry: 
PPPi -> PPi + Pi. 
Kinetic characterization of PPPi-ase 
PPPi-ase from Methanobacterium thermoautotrophicum was absolutely 
dependent on the presence of Mg2+, since no activity could be determined in 
its absence or in the presence of EDTA. The dependence of the catalytic 
activity on Mg2+ is shown in Fig. 3. In the presence of 2 mM PPPi maximal 
activity was found above 6 mM Mg2+. 
The Km for PPPi was determined with the integrated Michaelis-Menten 
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Table 2. Substrate specificity of PPPi-ase from Methanobacterium thermoauto-
trophicum. Activities were determined according to Materials and Methods. 
Each substrate was added in a final concentration of 2 mM in the presence of 
24 mM MgCl2 using the most purified PPPi-ase. Enzyme activity with PPPi 
was taken as 100% and refers to a specific activity of 3244 mU/mg. 
Substrate Relative activity (%) 
PPi 0 
PPPi 100 
PPPPi 57 
Phosphate-glass type 5 41 
Phosphate-glass type 15 20 
Trimeta-phosphate 3.4 
AMP 0 
ADP 2.4 
ATP 1.8 
PEP 3.7 
cDPG 3.9 
equation. With partially purified PPPi-ase (TSK DEAE pH 7) the conversion 
of PPPi under standard conditions was followed up to completion. From the 
data the Km was estimated at 0.37 mM PPPi. 
Substrate specificity of PPPi-ase 
Besides PPPi, the enzyme could also use polyphosphates as a substrate 
(Table 2). However, activity decreased with increasing chain lengths of the 
polyphosphates. In contrast, PPi could not be used. Other compounds like 
cDPG, ATP, ADP, AMP, PEP and trimeta-phosphate were no or only poor 
substrates for PPPi-ase. 
Inhibition of PPPi-ase with fluoride 
The influence of KF, a potent inhibitor of pyro- and poly-phosphatases, 
was tested. KF appeared to be inhibitory on the PPPi-ase from M. 
thermoautotrophicum as well (Fig. 4). At a concentration of 6 mM the 
reaction was inhibited for 50%. 
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Flg. 4. Inhibition of PPPi-ase by potassium fluoride. KF was added between О 
and 8 mM to the standard reaction mixture containing partially purified PPPi-
ase (TSK DEAE pH 7). Hereafter, reactions were started by the addition of 
PPPi. 100% refers to a specific activity of 264 mll/mg. 
Heat stability 
PPPi-ase was tested for its heat stability by incubating the enzyme at 
85°C up to two hours (Fig. 5). After 20 min about 15 % of the activity was 
lost. Hereafter, no further loss in activity occurred. The enzyme is apparently 
quite heat stable. 
Presence of polyphosphate 
Since M. thermoautotrophicum contains PPPi-ase which is also capable 
of hydrolyzing low-molecular-weight polyphosphates, we tried to detect the 
potential substrate(s). Cells harvested at the end of the stationary growth 
phase, however, did not contain detectable amounts of low- or high-
molecular-weight polyphosphates. 
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Fig. 5. Enzyme stability of PPPi-ase at 85°C. A PPPi-ase preparation (TSK 
DEAE pH 9) was incubated up to two hours at 85°C. At different time 
intervals samples were taken and put on ice. Hereafter, activities were 
determined and plotted as function of time. 100% refers to a specific activity 
of 3577 mU/mg. 
DISCUSSION 
A polyphosphatase capable of hydrolyzing low-molecular-weight 
polyphosphates was partially purified from Methanobacterium thermoauto-
trophicum. During purification the enzyme was clearly separated from PPi-
ase. Though the enzyme used different low-molecular-weight polyphos­
phates, highest activity was measured with PPPi. The latter was hydrolyzed 
into Pi and PPi. Therefore, the enzyme is characterized as a PPPi-ase rather 
than a polyphosphatase. PPPi-ase has only been purified from Neurospora 
crassa (Egorov and Kulaev 1976). In addition, few polyphosphatases were 
(partially) purified from eukaryotes (Afanas'eva et al. 1976; Felter et al. 1970; 
107 
• О 
V 
"Ъ * о- -о— 
Kulaev 1990; Umnov et al. 1975) and prokaryotes (Bonting 1993; 
Muhammed et al. 1959). 
Like PPPi-ase from N. crassa (Egorov and Kulaev 1976) and most 
polyphosphatases (Afanasieva and Kulaev 1973; Andreeva and Okorokov 
1990; Felter et al. 1970; Kulaev and Konoshenko 1971; Umnov et al. 1975) 
PPPi-ase depended for activity on the presence of Mg2+. Potassium fluoride 
was found to inhibit the PPPi-ase reaction. The inhibition (50%, 6 mM) was 
much stronger than observed with the PPPi-ase from N. crassa (96%, 0.2 
M)(Kulaev and Konoshenko 1971) and the polyphosphatases from Endomyces 
magnusii (65%, 0.2 M)(Afanasieva and Kulaev 1973), Saccharomyces 
carlsbergensis (23-27%, 10 mM)(Andreeva and Okorokov 1990) and N. 
crassa (60-80%, 0.2 M)(Kulaev and Konoshenko 1971). Unlike other 
bacterial polyphosphatases (Bonting 1993; Muhammed et al. 1959) the 
enzyme demonstrated a good stability during chromatography and storage at 
-20°C. In addition, the enzyme was very heat stable. At 85°C, far above the 
growth temperature of M. thermoautotrophicum, only 15% of the activity was 
lost in 2 hours. Thermostability has not been reported before for any other 
polyphosphatase or PPPi-ase. 
The role of PPPi-ase in M. thermoautotrophicum seems very straight­
forward. Since we and others (Kanodia and Roberts 1983; Seely and Fahmey 
1983) were unable to detect any polyphosphate polymers, it can be concluded 
that a function in polyphosphate metabolism is very unlikely. However, PPPi 
is formed in a number of reactions as there are the adenylate kinase reaction 
(Lieberman and Eto 1956), the enzymatic cleavage of deoxyguanosine 
triphosphate (Komberg et al. 1958), during pterin biosynthesis (Switchenko 
and Brown 1985) and during S-adenosylmethionine synthesis (Shimizu et al. 
1986). PPPi is known to be an inhibitor of methyl coenzyme M reductase in 
M. thermoautotrophicum (McBride and Wolfe 1971; Taylor and Wolfe 1974) 
and in Methanosarcina barken (Shapiro and Wolfe 1980) and of methanol: 
coenzyme M methyltransferase in M. barken (Shapiro and Wolfe 1980). 
These are vital enzymes in methanogenesis. Inhibition of these enzymes 
results in an inhibition of energy generation. Thus PPPi-ase is necessary to 
maintain a low PPPi concentration to avoid inhibition of methanogenesis. 
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Purification and characterization of inorganic pyrophos­
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SUMMARY 
Inorganic pyrophosphatase (E.C. 3.6.1.1.) has been isolated from the 
archaebacterium Methanobacterium thermoautotrophicum (strain ΔΗ). The 
enzyme was purified 850-fold in three steps to electrophoretic homogeneity. 
The soluble pyrophosphatase consists of four identical subunits: the molecular 
mass of the native enzyme estimated by gel filtration was approximately 100 
kDa and denaturing Polyacrylamide gel electrophoresis gave a single band of 
25 kDa. However, the dimeric form is also active, as was revealed by activity 
staining after native electrophoresis. 
The pyrophosphatase showed an optimal activity at 70°C and a pH of 
7.7 (at 60°C) and was not influenced by dithiothreitol, sodium dithionite or 
potassium chloride. The enzyme was very specific for pyrophosphate (PPi) 
and Mg2+. Magnesium could be partially replaced by Co2+ (15%). The 
reaction was inhibited for 60% by 1 mM Mn2+ in the presence of 24 mM 
Mg2+. In addition, the enzyme was inhibited by potassium fluoride (50% at 
0.9 mM). Kinetic analysis revealed positive co-operativity for both Mg2+ and 
m 
PPi with Hill coefficients of 3.3 and 2.0, respectively. Under the experimental 
conditions the apparent Km of PPi and magnesium were determined and were 
approximately 0.16 mM and 4.9 mM, respectively. VmM was estimated at 
about 570 U/mg which is an underestimation as the enzyme activity is 
sensitive towards dilution. 
INTRODUCTION 
The thermophilic autotrophic methanogenic archaeon Methano-
bacterium thermoautotrophicum exhibits a special phosphate metabolism. It 
has a very efficient Pi uptake system and has the ability to incorporate 
phosphate very rapidly into cyclic 2,3-diphosphoglycerate (cDPG)(Krueger et 
al. 1986). cDPG is the main phosphorous compound in M. 
thermoautotrophicum (Kanodia and Roberts 1983; Seely and Fahrney 1983). 
It is a derivative of 2,3-diphosphoglycerate (2,3-DPG) in which both 
phosphate groups are linked as a pyrophosphate to form a seven membered 
ring. The presence of cDPG is unique for the methanogenic bacteria 
belonging to the genera Methanobacterium, Methanobrevibacter, Methano-
thermus and Methanosphaera (Gorris, L.G.M., unpublished results; Hensel 
and König 1988; Tolman et al. 1986). Since most of the phosphate is stored 
in the organical compound cDPG, it was interesting to find out the role of 
inorganic polyphosphates including pyrophosphate (PPi). 
PPi is formed in a variety of nucleoside triphosphate dependent 
reactions such as deoxyribo- and ribonucleic acid polymerization, coenzyme 
synthesis and the activation of amino acids and fatty acids. In addition, PPi 
can be synthesized by photophosphorylation, oxidative phosphorylation and 
glycolysis (Kukko-Kalske and Heinonen 1985; Lahti 1983). The compound is 
known to inhibit various enzymic reactions (Kukko-Kalske and Heinonen 
1985), and as a consequence it has to be utilized very rapidly. Except by the 
pyrophosphate-dependent phosphotransferases (Wood et al. 1977) this is 
mainly done by the action of inorganic pyrophosphatase (PPi-ase). 
PPi-ase is widely distributed in nature and has been purified from 
various microorganisms (Bonting 1993; Hachimori et al. 1975; Jetten et al. 
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1992; Josse 1966a; Kunitz and Robins 1961; Lahti and Niemi 1981; Liu and 
LeGall 1990; Richter and Schäfer 1992; Tominaga and Mori 1977; 
Verhoeven et al. 1986; Wakagi et al. 1992; Ware and Postgate 1971). 
However, only three of these belong to the Archaea (Jetten et al. 1992; 
Richter and Schäfer 1992; Wakagi et al. 1992). On the basis of subunit 
structure and cellular localization two categories of PPi-ases can be 
discriminated: membrane-bound PPi-ases and cytoplasmic PPi-ases (Wakagi 
et al. 1992). Cytoplasmic PPi-ases generally are oligomeric proteins 
consisting of identical subunits (Hachimori et al. 1975; Lahti and Niemi 
1981; Richter and Schäfer 1992; Tominaga and Mori 1977; Verhoeven et al. 
1986; Wakagi et al. 1992; Wong et al. 1970). An exception is the recently 
purified PPi-ase from Methanothrix soehngenii (Jetten et al. 1992) that is 
suggested to possess an CL$2 subunit structure. 
This chapter describes the purification and characterization of inorganic 
PPi-ase from M. thermoautotrophicum (strain ΔΗ). The results obtained are 
compared to other known PPi-ases. In addition, the role of PPi-ase in the 
organism is discussed. 
MATERIALS AND METHODS 
Materials 
ATP, ADP, DNase, RNase, glucose-1-phosphate (glu-l-P) and glucose-
6-phosphate (glu-6-P) were purchased from Boehringer (Mannheim, 
Germany). N-tris(hydroxymethyl)methyl-2-aminoethanesulfonate (TES), 
sodium pyrophosphate (PPi), vitamin B12 (CN-B12), sodium tripolyphosphate 
(PPPi), sodium tetrapolyphosphate (PPPPi), phosphoenolpyruvate (PEP), 
Triton X-305 and gel filtration markers were obtained from Sigma (St. Louis, 
MO, USA). Tris(hydroxymethyl)-aminomethane (TRIS), ethylene glycol, 
magnesium chloride, potassium chloride, sodium chloride, maleic acid, 
ammoniumheptamolybdate, sulfuric acid, iron (II) sulfate, sodium dithionite, 
potassium fluoride and methylgreen were from Merck (Darmstadt, Germany). 
Ammonium sulfate was purchased from J.T. Baker (Deventer, Netherlands). 
Dithiothreitol was obtained from Serva (Heidelberg, Germany). Phenyl 
Sepharose, Superóse-12 (prep grade) and 20% Polyacrylamide gels were from 
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Pharmacia (Uppsala, Sweden). The TSK DEAE-5PW was purchased from 
TosoHaas (Montgomeryville, PA, USA). Nitrogen gas was from Hoek-Loos 
(Schiedam, Netherlands). cDPG was purified from M. thermoautotrophicum 
(strain ΔΗ) as described before (Gorris et al. 1990). Purity of cDPG and 
concentration were determined by HPLC as described before (Van Alebeek et 
al. Chapter 2). 
Organism and cell growth 
Methanobacterium thermoautotrophicum strain ΔΗ (DSM 1053) was 
cultured in a 300-1 fermentor on H2 and C 0 2 (80:20, v/v) in a mineral 
medium according to Schönheit et al. (1979). Cells were harvested just before 
the stationary growth phase with a Sharpies continuous centrifuge and stored 
at -70°C under nitrogen. 
Purification of PPi-ase 
Cell-free extract was prepared by suspending wet cells (1 g wet 
cells/ml buffer) in anoxic 50 mM TES/K+ (pH 7) containing DNase and 
RNase (each 10 pg/ml). The cell suspension was passed through a French 
pressure cell at 138 MPa under continuous flushing with N2. Cell debris and 
unbroken cells were removed by centrifugation at 4,000 χ g (20 min, 4°C). 
The supernatant collected under anaerobic conditions is referred to as cell-
free extract. 
The following procedures were carried out aerobically at the 
temperatures indicated. Cell-free extract (25 ml) was subsequently adjusted to 
40%, 60% and 80% ammonium sulfate saturation, by adding dropwise 
aqueous saturated ammonium sulfate in 50 mM Tris/HCl buffer (pH 8.5; at 
ambient temperature). Following gently stirring for 10 min at 4°C, the 
proteins from the respective steps were precipitated by means of 
centrifugation (30 min, 39,000 χ g, 4°C) and the supematants were saved. 
The 80% supernatant that contained the major part of the enzyme activity 
was diluted to 30% ammonium sulfate with 50 mM Tris/HCl buffer (pH 7) 
and carefully adjusted to pH 7 with HCl. 
Subsequently, this pool was applied to a Phenyl-Sepharose C1-4B 
column (1.5 χ 6.0 cm; flow rate 2 ml/min; 23°C) equilibrated with 50 mM 
Tris/HCl (pH 7) containing 30% ammonium sulfate. The column was 
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developed using a simultaneous 30 to 0% ammonium sulfate and a 0 to 30% 
ethylene glycol linear gradient (200 ml) in the above Tris/HCl buffer. The 
most active fractions were pooled and desalted with 50 mM Tris/HCl buffer 
(pH 8.5) containing 2 mM MgCl2 using an Amicon ultrafiltration unit 
equipped with a YM 5 filter (cutoff: 5 kDa). 
The desalted pool was loaded onto a TSK DEAE-5PW column (0.75 χ 
7.5 cm; flow 1 ml/min; 20°C) equilibrated in 50 mM Tris/HCl buffer (pH 
8.5) and 2 mM MgCl2. A 75-ml gradient of 0 to 0.3 M NaCl, followed by a 
20-ml gradient from 0.3 to 1.0 M NaCl both in the Tris/HCl buffer were 
applied on the column. Fractions (1 ml) were collected and tested for activity. 
The active fractions were screened for purity on a Pharmacia Phast system. 
Purified PPi-ase (0.4 mg/ml) was pooled and stored at -20°C. Before use a 
portion of this pool was diluted 10-fold with 0.2 M Tris/maleate buffer (pH 
8.5). Subsequently, 2.5 % (v/v) of the diluted enzyme was included in the 
reaction mixture. 
Enzyme assay 
Inorganic PPi-ase (EC 3.6.1.1.) was measured by following the 
formation of inorganic phosphate. The standard reaction mixture contained 
0.2 M Tris/maleate (pH 8.5 at 20°C), 24 mM MgCl2 and 1 mM sodium 
pyrophosphate. Incubation took place at 60°C. At one-minute intervals 
samples of 100 ul were taken and put on ice. Hereafter, 1 ml freshly prepared 
phosphate reagent was added and after 30 minutes the absorbance of the 
phosphomolybdate complex was measured at a wavelength of 660 nm. 1 Unit 
of activity is defined as the amount of enzyme hydrolyzing Ιμπιοί PPi per 
min. The phosphate reagent was prepared by dissolving 1% 
ammoniumheptamolybdate (w/v) in 0.83 M sulfuric acid followed by the 
addition of 8% iron (II) sulfate (w/v). 
Enzyme characterization 
The optimal conditions for the reaction were determined using a 
partially purified PPi-ase preparation. The optimal temperature was 
determined over a range of 20° to 90°C. For the estimation of the optimal pH, 
the enzyme was diluted 400 times in the final reaction mixture. Furthermore, 
the influence of potassium chloride (0-1 M), dithiothreitol (0-70 mM) and 
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Table 1. Purification of PPi-ase from M. thermoautotrophicum (strain ΔΗ). The inorganic 
PPi-ase was purified as described in Materials and Methods. Enzyme activity was 
determined by following the formation of Pi. 1 Unit is defined as the amount of enzyme 
that catalyzes the conversion 1 umol PPi per min at 60°C in a reaction mixture of 0.2 M 
Tris/maleate buffer (pH 7.7), ImM PPi and 24 mM MgCl2. 
Step 
Cell extract 
80% (NH4)2S04 
supernatant 
Phenyl-Sepharose 
TSK DEAE 
Protein 
(mg) 
1072.0 
143.5 
25.8 
0.4 
Activity 
(U) 
1555 
1866 
591 
493 
Specific 
activity 
(U/mg) 
1.45 
13.0 
22.9 
1233 
Purification 
(-fold) 
1.0 
9.0 
15.8 
850 
Yield 
(%) 
100 
120 
38 
31.7 
sodium dithionite (0-70 mM) on the enzyme activity was tested. 
The Mg2+-dependence of PPi-ase was determined in the presence of 1 
mM PPi. The Mg2+ concentration was varied from 0 to 24 mM. The effect of 
PPi was tested in a 0-2 mM range in the presence of 24 mM Mg2\ The 
apparent K
m
 and the apparent V
max
 for PPi and Mg2+ were calculated with the 
Hill Fit model of the EZ-Fit program (Perrella 1988). 
Enzyme stability was tested at 4°C with the purified PPi-ase. A series 
of standard reaction mixtures containing 1 μg enzyme/ml were prepared 
without PPi and stored at 4°C. At different time intervals 1 mM PPi was 
added and the activity was determined at 60°C. 
Gel electrophoresis 
Electrophoretic separation of proteins was performed using a Pharmacia 
Phast System Apparatus (Pharmacia LKB Biotechnology, Uppsala, Sweden). 
Native and denaturating (sodium dodecyl sulfate, SDS) gel electrophoresis 
was performed on 20% homogeneous Polyacrylamide gels. Procedures and 
staining with Coomassie Brilliant Blue (R250) were according to the 
instructions of the manufacturer. Polyacrylamide gel electrophoresis markers 
(Sigma Chemical Company, St. Louis, MO, USA) were the following: oc-
lactalbumin, 14.2 kDa; chicken egg albumin, 45 kDa; bovine serum albumin, 
66 kDa (monomeric) and 132 kDa (dimeric). SDS markers were from Bio-
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Rad Laboratories (Richmond, CA, USA): rabbit muscle Phosphorylase В, 
97.4 kDa; bovine serum albumin, 66.2 kDa; hen egg white ovalbumin, 45 
kDa; bovine carbonic anhydrase, 31 kDa; soybean trypsin inhibitor, 21.5 kDa; 
hen egg white lysozyme, 14.4 kDa. 
Activity staining of the PPi-ase was performed according to Baykov 
and Volk (1985). The gel was incubated for 10 min at 50°C in a standard 
reaction mixture. Hereafter, the phosphate formed was stained according to 
the literature (Baykov and Volk 1985). 
Protein assay 
The protein concentration was determined with the Bio-Rad protein 
reagent with bovine γ-globulin as standard (Bio-Rad Laboratories, Richmond, 
CA, USA). 
RESULTS 
Isolation and purification of PPi-ase from M. thermoautotrophicum 
PPi-ase was purified 850-fold to apparent homogeneity in a three-step 
procedure outlined in Table 1. In the first step more than 85% of the protein 
was removed with a 80% ammonium sulfate precipitation. The PPi-ase, 
predominantly present in the 80% supernatant, was applied to a Phenyl-
Sepharose column. The enzyme eluted at 18.5% ammonium sulfate and 
11.5% ethylene glycol from the column. The most active fractions were 
pooled and desalted. Hereafter, the enzyme was loaded on a TSK DEAE 
column and separation was achieved by two subsequent NaCl gradients as 
shown in Fig. 1A. PPi-ase was eluted as a single peak with a minor shoulder 
in front at approximately 0.17 M NaCl. The active fractions were screened 
for homogeneity on denaturing electrophoresis (Fig. IB). This revealed a 
single band at 25 kDa in most of the fractions. Homogeneous fractions (61 to 
63) were pooled and analyzed by native electrophoresis (Fig 2) and here a 
single band with a molecular mass of approximately 50 kDa was seen. When 
the native gel was incubated for 10 min at 50°C in the PPi-ase assay mixture 
and stained with ammoniumheptamolybdate and methylgreen in 1 M H 2S0 4, 
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Fig. 2. Native 20% Polyacrylamide gel electrophoresis of 
purified PPi-ase of M. thermoauiotrophicum (strain лН). 
In lane (1) 1.3 ng purified PPi-ase was applied and stained 
for accumulated phosphate after 10 min of incubation at 
S0°C in the standard reaction mixture. In lane (2) 0.S3 μg 
was applied and stained with Coomassie Brilliant Phastgel 
Blue R250. Horizontal bars represent Sigma 
Polyacrylamide gel electrophoresis markers: ct-
lactalbumin, 14.2 kDa; chicken egg albumin, 45 kDa; 
bovine serum albumin, 66 kDa (monomeric) and 132 kDa 
(dimeric). 
Fig. 3. Molecular mass determination of PPi-ase on 
Superose-12 prep grade. Superóse-12 prep grade (1.6 
χ 50 cm) was equilibrated in 50 mM Tris/HCl (pH 
8.5) containing 100 mM KCl. The column was 
developed at a flow rate of 0.4 ml/min at 23°C. 
Standards (o) were: 1, ß-amylase (200 kDa); 2, 
alcohol dehydrogenase (150 kDa); 3, carbonic 
anhydrase (29.0 kDa) and 4, CN-B,2 (1.34 kDa). 
PPi-ase is marked by О . 
K„, distribution coefficient. 
«— Fig. 1. Anion exchange chromatography of PPi-ase on a TSK DEAE-5PW column (A) and analysis of the active 
fractions on 20% denaturing Polyacrylamide gel electrophoresis (B). Chromatography conditions were as follows: flow 
rate, 1 ml/min; temperature, 20°C and fraction size, 1 ml. The elution profile (Лщ; ) and the PPi-ase activity 
( О—О ) are plotted against the fraction numbers. The gradient of NaCl is marked by a dashed line. The active 
fractions were screened for homogeneity on 20% denaturing electrophoresis and stained with Coomassie Brilliant Blue 
R250. The following samples were applied: lane 1 and 8 contained Bio-Rad SDS markers. In lanes 2 to 7 fractions 59 
to 64 were applied. SDS markers were: rabbit muscle Phosphorylase В, 97.4 kDa; bovine serum albumin, 66.2 kDa; 
hen egg white ovalbumin, 45 kDa; bovine carbonic anhydrase, 31 kDa; soybean trypsin inhibitor, 21.5 kDa; hen egg 
white lysozyme, 14.4 kDa. 
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Table 2. Cation specificity of the purified PPi-abe of M. thermoautotrophicum. 
Activities were determined according to Materials and Methods. The specificity 
was tested by replacing Mg2* by 24 mM of another divalent metal ion. The 
activity with Mg2+ was taken as 100% and refers to a specific activity of 835 
U/mg. 
cation 
Mg2+ 
Mn2* 
Zn2+ 
Ca2+ 
Co2* 
Ni2 ' 
Fe2+ 
. 
Relative a< 
100 
1.6 
0.9 
2.2 
15.3 
0.0 
3.3 
0.0 
the 50 kDa band showed a strong accumulation of released phosphate. With 
increasing amounts (up to 0.53 pg) of PPi-abe applied a second active band 
at about 90 kDa became visible (not shown); this band remained beyond 
detection with Coomassie Brilliant Blue (Fig. 2, lane 2). 
The molecular mass of the native protein was verified by gel filtration 
on Superóse-12 prep grade and appeared to be 100 kDa when compared with 
standards of known molecular mass (Fig. 3). No activity could be detected 
around 50 kDa. 
Optimal conditions of the PPi-abe reaction 
The optimal conditions for the PPi-abe activity were determined with a 
partially purified enzyme preparation. The PPi-abe had an optimal 
temperature of 70°C. The pH optimum was 7.7 at 60CC which is equivalent to 
pH 8.5 at 20°C. The reaction was not influenced by the addition of 
dithiothreitol(0-70 mM), sodium dithionite (0-70 mM) or potassium chloride 
(up to 1 M). 
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Table 3. Effect of cations on the PPi-ase activity in the presence of 
magnesium. Activities were determined according to Materials and Methods. 
Each cation was added in a 1 mM concentration in the presence of 24 mM 
magnesium, 1 mM PPi and purified PPi-ase. No addition of ions was taken as 
100% and refers to a specific activity of 680 U/mg. 
cation Relative activity (%) 
100 
Mn2+ 
Zn2+ 
Ca2+ 
Co2+ 
Ni2+ 
Fe2+ 
41.4 
126.7 
76.8 
84.4 
74.8 
100.4 
Determination of cation and substrate specificities 
PPi-ase from M. thermoautotrophicum was absolutely dependent on the 
presence of divalent ions: no activity could be found in the absence of these 
ions or in the presence of EDTA. This dependence appeared to be very 
specific for Mg2+ (Table 2). Magnesium could only partially be replaced by 
Co2+(15%). 
Mn2+ inhibited the cleavage of PPi in the presence of 24 mM Mg2+: 
with 1 mM Mn2+ an inhibition of the reaction of about 60% was observed 
(Table 3). Other metal ions tested only slightly affected the reactions in the 
presence of Mg2+. 
The substrate specificity of PPi-ase was investigated (Table 4). The 
enzyme was very specific for PPi. The higher polyphosphates (PPPi; PPPPi) 
showed hardly any reaction (<1.5%). Also, ATP, ADP, PEP, cDPG, glu-l-P 
and glu-6-P did not serve as a substrate. 
Kinetic characterization of PPi-ase 
The dependence of the catalytic activity on the concentration of Mg2+ 
and PPi is shown in Fig. 4. The reaction rates at different PPi and different 
magnesium concentrations did not follow simple Michaelis-Menten kinetics, 
but plots of the reaction rates versus substrate concentrations showed rather a 
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Table 4. Substrate specificity of purified inorganic PPi-ase of M. 
thermoautotrophicum. Activities were determined according to Materials and 
Methods. Specificity was tested by replacing PPi in the enzyme assay by 1 
mM of another substrate. Enzyme activity with PPi was taken as 100% and 
refers to a specific activity of 966 U/mg. 
PPPi, tripolyphosphate; PPPPi, tetrapolyphosphate; PEP, phosphoenolpyruvate; 
Glu-l-P, glucose-1-phosphate; Glu-6-P, glucose-6-phosphate; cDPG, cyclic 2,3-
diphosphoglycerate. 
substrate 
PPi 
PPPi 
PPPPi 
ATP 
ADP 
PEP 
Glu-l-P 
Glu-6-P 
cDPG 
Relative act 
100 
0.0 
1.4 
0.4 
2.4 
0.0 
0.0 
3.3 
0.0 
sigmoidal relationship. Analysis of the kinetic data according to the Hill 
procedure revealed an apparent Km for PPi of 0.16 ± 0.01 mM and a V ^ of 
560 ± 10 U/mg which corresponds to a kcat of 962 s '. The deduced Hill 
coefficient of 2.0 ± 0.2 indicated co-operative binding of the substrate and 
the presence of more than one binding site for MgPPi. By the same 
procedure an apparent Km for Mg2+ of 4.9 ± 0.2 mM and a Vm„ of 590 ± 18 
U/mg could be determined. The deduced Hill coefficient was 3.3 ± 0.4. This, 
again, indicated that more than one binding site for Mg2+ is present in the 
enzyme. 
Inhibition of PPi-ase with fluoride 
The influence of potassium fluoride, a potent inhibitor of PPi-ases, was 
tested. KF appeared to be inhibitory, though relatively weakly, on the PPi-ase 
of M. thermoautotrophicum as well (Fig. 5): at a concentration of 0.9 mM the 
reaction was inhibited for 50%, whereas at a 4-fold higher concentration 
inhibition was still only 77%. 
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Pyrophosphate (mM) 
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MgCl2 (mM) 
Fig. 4. Relation between the PPi- (A) and magnesium- (В) concentration and 
the specific activity of the purified PPi-ase. In (A) the PPi concentration was 
varied from 0 to 2 mM at a fixed concentration of 24 mM Mg2\ In (B) the 
concentration Mg2+ was varied between 0 and 24 mM in the presence of a 
fixed concentration of 1 mM PPi. Activities ( О ) were determined as 
mentioned in Materials and Methods. The straight lines were drawn according 
to the best fit of the experimental data. 
Enzyme stability 
If PPi-ase was stored at -20°C, hardly any activity was lost during 
several months. However, from the above-discussed experiments a 
considerable variation in enzyme activity can be seen. This variation is due to 
the decay in activity during the preparation of the reaction mixtures. Activity 
of the enzyme diluted in reaction mixtures lacking PPi and kept at 4°C 
rapidly decreased (Fig. 6). Inactivation initially followed a (pseudo) first 
order reaction with a half time of about 2 hours. Yet, inactivation was never 
complete and the activity stabilized at about 30% of the t=0 value. 
Preincubation at 4°C followed by incubation without PPi at 30° to 60°C could 
not reconstitute the original enzyme activity. 
DISCUSSION 
M. thermoautotrophicum contains an active PPi-ase. The enzyme is 
exclusively present in the supernatant upon ultracentrifugation of cell extract 
indicating a cytoplasmic nature (not shown). From the increase in specific 
activity it can be calculated that approximately 0.12% of the soluble cell 
protein of M. thermoautotrophicum (strain ΔΗ) consists of PPi-ase. This is in 
the same order of magnitude as found for other microorganisms like 
Escherichia coli (0.2%), Methanothrix soehngenii (0.2%), Thermoplasma 
acidophilum (0.4%) and Acinetobacter johnsonii (0.5%) (Bonting 1993; Jetten 
et al. 1992; Josse 1966a; Richter and Schäfer 1992). 
Cytoplasmic PPi-ases have been classified into two types (Wakagi et 
al. 1992). Enzymes from eubacterial and archaeal sources, which are homo 
tetra- or hexamers composed of 19 to 23 kDa subunits (Bonting 1993; 
Richter and Schäfer 1992; Tominaga and Mori 1977; Verhoeven et al. 1986; 
Wakagi et al. 1992; Wong et al. 1970) and the eucaryotic enzymes, homo 
dimers of 32 to 35 kDa subunits (Cohen et al. 1978; Hachimori et al. 1983; 
Smimova et al. 1988). Notable exceptions to this are the PPi-ases from 
sulfate reducing bacteria, which consist of a monomer seizing 39-42 kDa, 
(Liu and Le Gall 1990; Ware and Postgate 1971) and the enzyme from the 
methanogen M. soehngenii, which appears to possess an оф2 subunit 
126 
200 
800 
ί,ΟΟ 
о 
• \ 
Ν 
\ 
\ 
°\ 
*~--~S^^ 
Fig. 5. Inhibition of the PPi-ase 
reaction by potassium fluoride. KF was 
varied between 0 and 5 mM. Hereafter, 
PPi was added and the reaction was 
started by placing the samples at 60°C. 
The specific activity was determined as 
mentioned in Materials and Methods 
and was plotted against the KF 
concentration. 
0 1 2 3 4 5 
Preincubation (h) 
Fig. 6. Enzyme stability of purified PPi-ase 
at 4°C. Enzyme mixtures were prepared at 
4°C without PPi. Hereafter, PPi was added at 
times indicated and the residual activity was 
immediately determined as described in 
Materials and Methods. The specific activity 
is plotted against the time of incubation at 
4°C. 
structure (Jetten et al. 1992). PPi-ase from M. thermoautotrophicum 
resembles the eubacterial and archaeal type. Gel filtration of the native 
enzyme and denaturing electrophoresis showed the enzyme to be a homo 
tetramer of 25 kDa subunits; the latter value is somewhat higher as usually 
found (19 to 23 kDa). However, native electrophoresis and activity staining 
indicated that the enzyme can also be active in a dimeric form. Only with 
higher amounts applied an activity band could be stained in agreement with 
an oc4 enzyme. The specific activity of the dimeric enzyme must be 
substantially lower than the tetramer, since the former could not be detected 
upon gel filtration. Dissociation of the tetramer into the (less active) dimer 
may underly the time-dependent inactivation of the diluted enzyme used in 
the assays (Fig. 6). The existence of PPi-ases being active both as its tetramer 
and dimer has otherwise not yet been observed before. 
127 
The optimal temperature for M. thermoautotrophicum PPi-ase was 
70°C, just above the maximum growth temperature of 65°C (Schönheit et al. 
1980). The optimal pH was estimated at 7.7 at 60°C. While most PPi-ases 
have a higher pH optimum ranging from 8.3 to 9.8 (Hachimori et al. 1975; 
Josse 1966a; Tominaga and Mori 1977; Verhoeven et al. 1986), only the PPi-
ase from another methanogen, M. soehngenii, had a similar optimum (pH 8) 
(Jetten et al. 1992). PPi-ases from two other thermophilic archaea, T. 
acidophilum (Richter and Schäfer 1992) and Sulfolobus acidocaldarius 
(Wakagi et al. 1992), have even lower pH optima, 6.7 and 6.5, respectively. 
The activation of PPi-ase by reducing agents has been described for the 
obligately anaerobic sulfate reducing bacteria (Ware and Postgate 1971). The 
activity of the aerobically purified PPi-ase from M. thermoautotrophicum was 
not inhibited by 0 2 or activated by dithiothreitol or dithionite. 
Potassium fluoride was found to inhibit the reaction. The inhibition by 
fluoride was extensively studied with the PPi-ase of yeast (Smimova and 
Baykov 1983). It was proposed that fluoride strengthens the binding of the 
MgPPi2" complex to the enzyme resulting in a covalent bond. Eucaryotic PPi-
ases are extremely sensitive towards fluoride: with the enzymes from yeast 
(Smirnova and Baykov 1983) and porcine brain (Hachimori et al. 1983) 50% 
inhibition is observed at 6.7 μΜ and 50 μΜ, respectively. With the 
eubacterial enzymes inhibition is less: E. coli (91% at 1 mM)(Josse and 
Wong 1971) and Thiobacillus (89% at 0.1 mM)(Tominaga and Mori 1977). 
In comparison, fluoride is only a relatively weak inhibitor of the M. 
thermoautotrophicum enzyme: 50% inhibition at 0.9 mM. Remarkably, PPi-
ase from another methanogen, M. soehngenii, is completely insensitive 
towards fluoride (Jetten et al. 1992). 
With respect to the substrates used M. thermoautotrophicum PPi-ase 
demonstrates the characteristic features known for PPi-ases. The enzyme is 
dependent on the presence of Mg2+, which can be partially replaced by Co2+. 
In addition, PPi is the sole substrate used by PPi-ase. PPPi and PPPPi are not 
used. 
However, PPi is not regarded to be the actual substrate. Instead a 
stoichiometric complex, MgPPi2, is proposed to be the substrate for the PPi-
ase (Josse 1966b; Lahti 1983). Mg2+ is also thought to be an activator of the 
PPi-ase, while free PPi inhibits the enzyme. When the ratio of [Mg2+]/[PPi] is 
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increased at constant PPi concentration, an increase in activator (Mg ) and 
substrate (MgPPi2) takes place. At the same time a decrease in inhibitor (PPi) 
occurs. As a result of these changes a sigmoidal curve arises if the velocity is 
plotted against the Mg2+ concentration (Lahti 1983). This explanation may 
also account for the sigmoidal curve presented here. The half-maximal rate 
occurred at a Mg2* concentration of 4.9 mM at a fixed concentration of 1 
mM PPi. At this concentration most of the inhibitory PPi is complexed with 
Mg2+. Nevertheless the PPi-ase is not completely active yet. Apparently, the 
PPi-ase requires a high concentration of Mg2+ ions for activation. The data 
presented in Fig. 4B could be fitted with a Hill plot. The calculated Hill 
coefficient of 3.3 suggests three or four binding sites for Mg2\ 
Variation of PPi (0-2 mM) at a fixed Mg2+ concentration (24 mM) 
resulted also in a sigmoidal curve. Since the Mg2+ concentration is always 
high, no free inhibitor (PPi) is present. This sigmoidal curve must imply an 
allosteric mechanism. A Hill plot confirmed this observation. The Hill 
coefficient estimated 2.0 indicating a co-operative mechanism with at least 
two binding sites for MgPPi2". 
In the presence 24 mM Mg2+ 1 mM Mn2+ exhibited an inhibition of 
approximately 60% which may be due to competition between both cations 
for PPi, substrate binding site(s) and/or the activation site(s). 
The role of PPi-ase in M. thermoautotrophicum seems very 
straightforward. As the enzyme has an cytoplasmic origin it has no function 
in energy conservation. Its function is to keep the PPi concentration in the 
cell low. PPi formed as a side product in several biosynthetic reactions 
(Kukko-Kalske and Heinonen 1985; Lahti 1983) is immediately hydrolyzed 
to Pi. Indeed, in whole cells and in cell-free extract the PPi concentration 
remains beyond detection (Keltjens, Van Alebeek, unpublished results). The 
enzyme requires a high concentration of Mg2+ for activation. The intracellular 
concentration of MgCl2 is estimated at 48 mM in the exponential growth 
phase (Sprott and Jarrell 1981). Though only 6% of the Mg2+ occurs free in 
the cytoplasm (Sprott and Jarrell 1981), the amount of Mg2+ is apparently 
sufficient to keep the enzyme in the active state. In cell-free extract, at least, 
addition of Mg2+ is not necessary for the PPi-ase to be active. 
129 
ACKNOWLEDGEMENTS 
The research of G.J.W.M. van Alebeek was supported by the 
Foundation for Fundamental Biological Research (BION), subsidized by the 
Netherlands Organization for the Advancement of Pure Research (NWO). 
REFERENCES 
Baykov A, Volk S (1985) Quantitative detection of orthophosphate in Polyacrylamide gels. 
Anal. Biochem. 151: 13-15 
Bonting CFC (1993) Polyphosphate metabolism in Acinetobacter johnsonii 210 A. PhD-
thesis, Agricultural University, Wageningen, The Netherlands. 
Cohen SA, Stemer R, Keim PS, Heinrikson RL (1978) Covalent structural analysis of 
yeast inorganic pyrophosphatase. J. Biol. Chem. 253: 889-897 
Gorris LGM, Korteland J, Derksen RJAM, Van der Drift C, Vogels GD (1990) 
Quantification of cyclic 2,3-diphosphoglycerate from methanogenic bacteria by 
isotachophoresis. J. Chromatogr. 504: 421-428 
Hachimori A, Fujii T, Ohki K, Iizuka E (1983) Purification and properties of inorganic 
pyrophosphatase from porcine brain. J. Biochem. 93: 257-264 
Hachimori A, Takeda A, Kaibuchi M, Ohkawara N, Samejima Τ (1975) Purification and 
characterization of inorganic pyrophosphatase from Bacillus stearothermophilus. J. 
Biochem. 77: 1177-1183 
Hensel R, König Η (1988) Thermoadaptation of methanogenic bacteria by intracellular 
ion concentration. FEMS Microbiol. Lett. 49: 75-79 
Jetten MSM, Fluit TJ, Stams AJM, Zchnder AJB (1992) A fluoride-insensitive inorganic 
pyrophosphatase isolated from Methanothrix soehngenii. Arch. Microbiol. 157: 
284-289 
Josse J (1966a) Constitutive inorganic pyrophosphatase of Escherichia coli. I. Purification 
and catalytic properties. J. Biol. Chem. 241: 1938-1947 
Josse J (1966b) Constitutive inorganic pyrophosphatase of Escherichia coli. II. Nature and 
binding of active substrate and the role of magnesium. J. Biol. Chem. 241: 1948-
1957 
Josse J, Wong SCK (1971) Inorganic pyrophosphatase of Escherichia coli. In: Boyer PD 
(ed) The enzymes, 3ed edn, vol. 4, Academic Press, New York, pp. 499-527 
Kanodia S. Roberts MF (1983) Methanophosphagen: Unique cyclic pyrophosphate isolated 
from Methanobacterium thermoautotrophicum. Proc. Natl. Acad. Sci. USA 80: 
5217-5221 
130 
Knieger RD, Нафег SH, Campbell JW, Fahraey DE (1986) Kinetics of phosphate 
uptake, growth, and accumulation of cyclic diphosphoglycerate in a phosphate-
limited continuous culture of Methanobacterium thermoautotrophicum. J. Bacteriol. 
167: 49-56 
Kukko-Kalske E, Heinonen J (1985) Inorganic pyrophosphate and inorganic 
pyrophosphatase in Escherichia coli. Int. J. Biochem. 17: 575-580 
Kunitz M, Robbins PW (1961) Inorganic pyrophosphatases. In: Boyer PD (ed) The 
enzymes, 2nd edn, vol 5. Academic Press, New York, pp. 169-178 
Lahti R (1983) Microbial inorganic pyrophosphatases. Microbiol Rev. 47: 169-179 
Lahti R, Niemi Τ (1981) Purification and some properties of inorganic pyrophosphatase 
from Streptococcus faecalis. J. Biochem. 90: 79-85 
Liu M-Y, LeGall J (1990) Purification and characterization of two proteins with inorganic 
pyrophosphatase activity from Desulfovibrio vulgaris: rubrerythrin and a new, 
highly active, enzyme. Biochem Biophys Res. Commun. 171: 313-318 
Perrella FW (1988) EZ-FTT: A practical curve-fitting microcomputer program for the 
analysis of enzyme kinetic data on ШМ-РС compatible computers. Anal. Biochem. 
174: 437^47 
Richter O-MH, Schäfer G (1992) Purification and enzymic characterization of the 
cytoplasmic pyrophosphatase from the thermoacidophilic archaebacterium 
Thermoplasma acidophilum. Eur. J. Biochem. 209: 343-349 
Schönheit Ρ, Moll J, Thauer RK (1979) Nickel, cobalt and molybdenum requirement for 
growth of Methanobacterium thermoautotrophicum. Arch. Microbiol. 123: 105-107 
Schönheit Ρ, Moll J, Thauer RK (1980) Growth parameters (Κ,, μ^, Y
s
) of 
Methanobacterium thermoautotrophicum. Arch. Microbiol. 127: 59-65 
Seely RJ, Farhney DE (1983) A novel diphospho-P,P'-diester from Methanobacterium 
thermoautotrophicum. J. Biol. Chem. 258: 10835-10838 
Smirnova IN, Baykov AA (1983) Two-step mechanism of inhibition of inorganic 
pyrophosphatase by fluoride. Biokhimiya 48: 1643-1653 
Smirnova IN, Kudryavtseva NA, Komissarenko SV, Tarusova, NB, Baykov AA (1988) 
Diphosphonates are potent inhibitors of mammalian inorganic pyrophosphatase. 
Arch. Biochem. Biophys. 267: 280-284 
Sprott GD, Jarrell KF (1981) K+, Na+, and Mg2+ content and permeability of Methano-
spirillum hungatei and Methanobacterium thermoautotrophicum. Can. J. Microbiol. 
27: 444-451 
Tolman CJ, Kanodia S, Roberts MF, Daniels L (1986) 31P-NMR spectra of methanogens: 
2,3-cyclopyrophosphoglycerate is detectable only in methanobacteria strains. 
Biochim. Biophys. Acta 886: 345-352 
Tominaga N, Mori Τ (1977) Purification and characterization of inorganic pyrophosphatase 
from Thiobacillus thiooxidans. J. Biochem. 81: 477-483 
131 
Verhoeven JA, Schenck KM, Meyer RR, Trela JM (1986) Purification and characterization 
of an inorganic pyrophosphatase from the extreme thermophile Thermus aquaticus. 
J. Bacteriol. 168: 318-321 
Wakagi T, Lee C-Η, Oshima Τ (1992) An extremely stable inorganic pyrophosphatase 
purified from the cytosol of a thermoacidophilic archaebacterium, Sulfolobus 
acidocaldarius strain 7. Biochim. Biophys. Acta 1120: 289-296 
Ware DA, Postgate JR (1971) Physiological and chemical properties of a reductant-
activated inorganic pyrophosphatase from Desulfovibrio desulfuricans. J. Gen. 
Microbiol. 67: 145-160 
Wong SCK, Hall DC, Josse J (1970) Constitutive inorganic pyrophosphatase of 
Escherichia coli. ΠΙ. Molecular weight and physical properties of the enzyme and 
its subunits. J. Biol. Chem. 245: 4335-4345 
Wood HG, O'Brien WE, Michaels G (1977) Properties of carboxytransphosphorylase; 
pyruvate, phosphate dikinase; pyrophosphate-phosphofructokinase and pyrophos-
phate-acctate kinase and their roles in the metabolism of inorganic pyrophosphate. 
Adv. Enzymology 45: 85-155 
132 
Chapter 8 
Summary and discussion 
Methanogens belong to the Archaea. Until now, phosphate metabolism in 
these organisms was only poorly studied. In this thesis we tried to shed some 
light on this metabolism in the methanogen Methanobacterium thermoauto-
trophicum (strain ΔΗ). Accumulation of phosphate usually occurs by the 
formation of polyphosphate bodies. Although some methanogens, like 
Methanosarcina, contain polyphosphates, these are not found in M. thermo-
autotrophicum. Phosphate rather appears to be accumulated into the organic 
phosphorous compound cyclic 2,3-diphosphoglycerate (cDPG). This unique 
compound, that is only found in certain species of the methanogens, is a 
derivative of 2,3-diphosphoglycerate in which the phosphates are linked by a 
pyrophosphate bond. Although a number of functions have been claimed for 
cDPG, its precise role remains uncertain. 
In order to study its biosynthesis and degradation in detail we 
developed a novel method to quantify the intermediates involved in the cDPG 
metabolism (Chapter 2). Besides cDPG, the compounds involved in 
gluconeogenesis i.e. 2,3-disphosphoglycerate (2,3-DPG), 2-phosphoglycerate 
(2-PG), 3-phosphoglycerate (3-PG), phosphoenolpyruvate (PEP), pyruvate and 
phosphate could be quantified. The method consisted of an 
ion-chromatographic separation followed by conductivity- and UV-detection. 
In a single run (41 min) all compounds were readily resolved, except for 2-
and 3-PG. Concentrations down to 10-20 uM and up to 1.0-1.5 mM could be 
accurately determined. The method was suitable for the analysis of cell-free 
extract and for the determination of enzymic conversions of the compounds 
involved. The method was found to be more reliable and faster than 
isotachophoresis or enzymic determinations. 
In Chapter 3 a route for ATP synthesis in cell-free extracts of M. 
thermoautotrophicum was elucidated. The ATP was synthesized from an 
endogenous substrate. Synthesis was stimulated under hydrogen atmosphere 
and inhibited by KCl (K= 150 mM). Comparison of the properties of a 
Λ'λ'Χ 
number of cell constituents showed the endogenous substrate to be 
2,3-diphosphoglycerate (2,3-DPG). The compound is converted by a not 
further investigated membrane-bound 2,3-DPG phosphatase into 
3-phosphoglycerate, and via 2-phosphoglycerate and phosphoenolpyruvate 
into pyruvate, at which the latter reaction is linked with ATP synthesis. Thus, 
ATP is synthesized from 2,3-DPG via the reversed action of the enzymes of 
the gluconeogenesis. 
Though cDPG is present in much higher concentrations than 2,3-DPG, 
no ATP synthesis was found from cDPG and we were unable to show the 
conversion of cDPG to 2,3-DPG in cell-free extract (Chapter 4). Only after 
ultrafiltration or dialysis of cell-free extract cDPG hydrolase activity could be 
shown. It appeared that the cDPG hydrolase had to be activated by some kind 
of protein. cDPG hydrolysis was optimal at pH 6.0 and 60°C. Hydrolysis of 
cDPG occurred under nitrogen or hydrogen atmosphere and was completely 
inhibited by oxygen. Phosphate and potassium chloride were also strong 
inhibitors: 50% inhibition occurred at 0.6-0.7 mM phosphate or 0.2 M KCl. 
cDPG hydrolase was partially purified from M. thermoautotrophicum. It was 
localized in the membrane fraction and could be solubilized for 
approximately 60% with 25 mM CHAPS. The Km and the Vm„ for cDPG 
were determined at 60°C and were 59 mM and 216 mU/mg, respectively. In 
addition, the partially purified cDPG hydrolase was dependent on the 
presence of Co2+. 
Synthesis of cDPG was catalyzed by a different enzyme, i.e. cDPG 
synthetase which was a cytoplasmic enzyme (Chapter 5). cDPG synthetase 
specific activities hardly changed during growth in a fed-batch fermentor. In 
phosphate-limited continuous cultures activity of cDPG synthetase decreased 
with decreasing Pi concentration. The enzyme is probably constitutive and it 
is produced by the cells in amounts that cope with the cellular cDPG content. 
Synthesis of cDPG was optimal at pH 6.0, 65°C and 0.5 M potassium 
chloride. cDPG synthesis was not affected by oxygen or Pi. The enzyme was 
partially purified and further characterized. The native molecular weight was 
estimated at 150 kDa by gel filtration. The cDPG synthetase was dependent 
on the presence of KCl, ATP, MgCl2 and 2,3-DPG. Except for ATP the 
enzyme followed Michaelis-Menten kinetics. The Km for 2,3-DPG and MgCl2 
could be determined and were 21 mM and 3.3 mM, respectively. 
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The last enzyme activity that is involved in the cDPG metabolism is 
2-phosphoglycerate kinase. The mere presence of high concentrations of 
cDPG presumes that M. thermoautotrophicum must contain the kinase even 
with higher activities than cDPG synthetase. However, we were unable to 
detect the enzyme in M. thermoautotrophicum. From the results described 
above it can be concluded that the cDPG metabolism is very well regulated. 
In the first place degradation and synthesis of cDPG are optimal at different 
conditions. Degradation of cDPG only occurs under hydrogen atmosphere and 
is strongly inhibited by phosphate and potassium. cDPG synthesis is 
unaffected by the atmosphere and phosphate, whereas the cDPG synthetase 
activity is optimal at 0.5 M KCl. In the second place cDPG hydrolase must 
be activated by some proteinaceous compound. It is most probable that the 
enzyme can also be reversibly inactivated by some kind of mechanism. Thus, 
cDPG hydrolase is a very strongly regulated enzyme contrary to cDPG 
synthetase. 
Besides the enzymes of the cDPG metabolism, M. thermoautotrophi-
cum contained some enzymes which could be involved in the metabolism of 
inorganic phosphates. In the first place inorganic pyrophosphatase activity 
was shown to be present in M. thermoautotrophicum. The enzyme was 
isolated and purified 850-fold to electrophoretic homogeneity in three steps 
(Chapter 7). The soluble pyrophosphatase consisted of four identical subunits: 
the molecular mass of the native enzyme estimated by gel filtration was 
approximately 100 kDa and denaturing Polyacrylamide gel electrophoresis 
gave a single band of 25 kDa. However, the dimeric form was also active, as 
was revealed by activity staining after native electrophoresis. 
Pyrophosphatase showed an optimal activity at 70°C and a pH of 7.7 
(at 60°C) and was not influenced by dithiothreitol, sodium dithionite or 
potassium chloride. The enzyme was very specific for pyrophosphate (PPi) 
and Mg2+. Magnesium could be partially replaced by Co2+ (15%). The reac-
tion was inhibited for 60% by 1 mM Mn2+ in the presence of 24 mM Mg2+. 
In addition, the enzyme was inhibited by potassium fluoride (50% at 0.9 
mM). Kinetic analysis revealed positive co-operativity for both Mg2+ and PPi 
with Hill coefficients of 3.3 and 2.0 respectively. Under the experimental 
conditions the apparent Km values for PPi and magnesium were 
approximately 0.16 mM and 4.9 mM, respectively. The Vm¡u was estimated at 
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about 570 U/mg which is probably an underestimation as the enzyme activity 
is sensitive towards dilution. 
In the second place M. thermoautotrophicum contained a low-
molecular-weight polyphosphatase (tripolyphosphatase) activity (Chapter 6). 
This tripolyphosphatase was purified 340-fold in five steps and subsequently 
characterized. Tripolyphosphatase showed an optimal activity at 85°C and pH 
9.7 (at 60°C). Highest activities were measured with tripolyphosphate, though 
tetrapolyphosphate (57%), phosphate glass type 5 (41%) and phosphate glass 
type 15 (20%) could also be used as substrates. However, tripolyphosphatase 
was unable to use pyrophosphate. The enzyme was dependent on the 
presence of Mg2+. Optimal activity was found at 6 mM Mg2+. The Km 
determined with the integrated Michaelis-Menten equation was estimated at 
0.37 mM. In addition the enzyme was inhibited by KF (50% at 6 mM) and 
appeared to be very heat stable. After an incubation of 2 hours at 85°C about 
85% of the activity was still present. 
Although pyrophosphatase and tripolyphosphatase were present we 
were unable to isolate any form of polyphosphate from M. thermoauto-
trophicum. Therefore, we think that the enzymes are not involved in poly-
phosphate metabolism. Pyrophosphate and tripolyphosphate, both products of 
certain biosynthetic reactions, are known to inhibit metabolic processes. 
Probably the enzymes are used to keep the concentrations of pyrophosphate 
and tripolyphosphate in the cell at a low level for metabolic processes to 
proceed. 
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Chapter 9 
Samenvatting en discussie 
Methaanbacteriën behoren tot de Archaebacteriën. Tot op heden is het 
fosfaat metabolisme in archaebacteriën slechts summier onderzocht. In dit 
proefschrift is getracht om wat meer over dit gebied te weten te komen. 
Daarvoor werd gebruik gemaakt van de methaanbacterie Methanobacterium 
thermoautotrophicum (stam ΔΗ). 
In micro-organismen word fosfaat vaak in grote hoeveelheden opgesla­
gen in de vorm van polyfosfaat korrels. In methaanbacteriën is deze vorm 
van fosfaat opslag alleen gevonden in Methanosarcina. In M. thermoautotro-
phicum zijn tot nu toe geen polyfosfaten waargenomen. In deze en enkele 
andere methaanbacteriesoorten lijkt fosfaat opgeslagen te worden in een 
unieke organische fosfaat verbinding, cyclisch 2,3-difosfoglyceraat (cDPG). 
Het is een derivaat van 2,3-difosfoglyceraat waarbij de beide fosfaten door 
middel van een pyrofosfaat binding verbonden zijn. De precieze rol van 
cDPG is nog onduidelijk. 
Om deze verbinding meer in detail te kunnen bestuderen werd een 
HPLC systeem ontwikkeld waarin cDPG en de intermediairen van de 
gluconeogenese, die bij de synthese en afbraak van cDPG betrokken zouden 
kunnen zijn, gekwantificeerd kunnen worden (Hoofdstuk 2). Naast cDPG 
werden ook 2,3-difosfoglyceraat (2,3-DPG), 2-fosfoglyceraat (2-PG), 3-
fosfoglyceraat (3-PG), fosfoenolpyruvaat (PEP), pyruvaat en fosfaat 
gescheiden. De methode bestond uit een ion-chromatografische scheiding die 
gevolgd werd door middel van geleidbaarheid- en UV-detectie. In een 
bepaling (41 min) kunnen alle componenten behalve 2-PG en 3-PG van 
elkaar gescheiden worden. Concentraties tussen 10-20 uM tot 1,0-1,5 mM 
konden zeer nauwkeurig bepaald worden. De methode was geschikt voor de 
analyse van celvrije extracten en voor de bepaling van enzymatische omzet-
tingen van de betrokken verbindingen. Deze methode bleek betrouwbaarder 
en sneller te zijn dan isotachoforese of enzymatische bepalingen. 
Het derde hoofdstuk heeft de opheldering van een route voor ATP 
synthese in celvrije extracten van M. thermoautotrophicum tot onderwerp. 
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Deze ATP synthese bleek afkomstig te zijn van een intern substraat. De syn­
these werd sterk gestimuleerd onder waterstof atmosfeer en sterk geremd 
door KCl (K,=150 raM). Na vergelijking van de mogelijke endogene substra­
ten, bleek de ATP synthese afkomstig te zijn van 2,3-difosfoglyceraat (2,3-
DPG). De verbinding werd door een verder niet onderzocht membraan gebon­
den 2,3-DPG fosfatase omgezet naar 3-fosfoglyceraat en via 2-fosfoglyceraat 
en fosfoenolpyruvaat uiteindelijk naar pyruvaat. De laatste reactie gaat 
gepaard met de synthese van ATP. Samengevat, blijkt de synthese van ATP 
uit 2,3-DPG via de omgekeerde reacties van de gluconeogenese te verlopen. 
De interne concentratie van cDPG is veel hoger dan van 2,3-DPG. 
Toch kon geen ATP synthese uit cDPG gevonden worden. Evenmin was het 
mogelijk om een omzetting van cDPG naar 2,3-DPG aan te tonen in celvrije 
extracten van M. thermoautotrophicum (Hoofdstuk 4). Alleen na ultrafiltratie 
of dialyse van celvrij extract was er cDPG hydrolase activiteit detecteerbaar. 
cDPG hydrolase bleek tijdens de ultrafiltratie en dialyse van celvrij extract 
geactiveerd te worden door een eiwit. Het mechanisme van activering is 
echter nog niet bekend. De hydrolyse van cDPG verliep optimaal bij een pH 
van 6 en een temperatuur van 60°C. De hydrolyse vond alleen plaats onder 
een waterstof of stikstof atmosfeer en werd volledig geremd door zuurstof. 
Daarnaast bleken fosfaat en kalium chloride (KCl) sterke remmers voor de 
cDPG hydrolyse te zijn: de reactie werd voor 50% geremd bij een 
concentratie van 0,6-0,7 raM fosfaat of 0,2 M KCl. Het enzym cDPG 
hydrolase werd een factor 27 gezuiverd uit M. thermoautotrophicum. Het 
enzym was gelokaliseerd in de membraanfractie en kon uit de membranen 
verwijderd worden met het detergens CHAPS (25 mM). Bij 60°C werden de 
K,,, en de V
max
 voor cDPG bepaald; ze bedroegen respectievelijk 59 mM en 
216 mU/mg. Daarnaast bleek het gedeeltelijk gezuiverde cDPG hydrolase ook 
afhankelijk te zijn van de aanwezigheid van Co2+. 
Naast de hydrolyse van cDPG kon ook de synthese van cDPG worden 
aangetoond (Hoofdstuk 5). cDPG wordt gesynthetiseerd uit 2,3-DPG en ATP. 
De reactie wordt gekatalyseerd door het cDPG synthetase. De activiteit van 
het enzym werd tijdens het kweken van de bacterie gevolgd en bleek in elke 
groeifase van de bacterie in gelijke specifieke activiteit aanwezig te zijn. In 
fosfaat-gelimiteerde cultures nam de activiteit af bij afnemende fosfaat 
concentratie in het groeimedium. Het cDPG synthetase blijkt dus constitutief 
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aanwezig in een zodanige hoeveelheid dat hiermee het cDPG gehalte in de 
cel verklaard kan worden. De synthese van cDPG verliep optimaal bij een pH 
van 6, een temperatuur van 65°C en een concentratie van 0.5 M KCl. De 
synthese van cDPG werd niet beïnvloed door de gas samenstelling of de 
aanwezigheid van fosfaat. Het cDPG synthetase werd partieel gezuiverd en 
daarna gekarakteriseerd. Het molecuulgewicht van het natieve eiwit werd met 
behulp van gel-filtratie geschat op 150 kDa. Het enzym was afhankelijk van 
de aanwezigheid van 2,3-DPG, MgCl2, ATP en KCl. Het enzym volgde de 
Michaelis Menten kinetiek. De Km voor 2,3-DPG en MgCl2 werden bepaald 
op respectievelijk 21 mM en 3,3 mM, 
Het laatste enzym dat bij het cDPG metabolisme betrokken is, 2-
fosfoglyceraat kinase, kon door ons niet aangetoond worden in M. thermo-
autotrophicum. Toch was het zeer waarschijnlijk dat dit enzym ook in M. 
thermoautotrophicum aanwezig moest zijn. Een evaluatie van de hierboven 
vermelde resultaten leert dat de synthese en afbraak van cDPG sterk geregu-
leerd worden. In de eerste plaats zijn de optimale condities van de synthese 
en afbraak van cDPG zeer verschillend. De afbraak van cDPG naar 3-PG 
vond alleen plaats onder waterstof atmosfeer en werd sterk geremd door 
zuurstof, KCl en fosfaat. De synthese van cDPG was daarentegen ongevoelig 
voor de aanwezigheid van zuurstof of fosfaat. Tevens was de aanwezigheid 
van K+ ionen in een optimale concentratie van 0,5 M vereist voor cDPG 
synthetase activiteit. In de tweede plaats blijkt er een eiwit-afhankelijke 
activatie noodzakelijk te zijn om een actief cDPG hydrolase te krijgen. 
Waarschijnlijk kan het cDPG hydrolase ook weer (reversibel) geïnactiveerd 
worden. Dit is echter nog niet aangetoond. Het cDPG synthetase lijkt 
daarentegen niet aan regulatie onderhevig. 
Naast de enzymen die betrokken zijn in het cDPG metabolisme, bleek 
M. thermoautotrophicum ook enzymen te bevatten die betrokken konden zijn 
bij het anorganisch polyfosfaat metabolisme. In de eerste plaats werd 
pyrofosfatase activiteit aangetoond in M. thermoautotrophicum. In drie 
stappen werd het enzym een factor 850 gezuiverd (Hoofdstuk 7). Het 
cytoplasmatische pyrofosfatase bestaat uit 4 identieke subeenheden: de 
molecuulmassa van het natieve eiwit, bepaald door middel van gel-filtratie, 
was ongeveer 100 kDa en denaturerende gel-electroforese gaf een band van 
25 kDa te zien. Uit activiteits kleuringen na natieve gel-electroforese bleek 
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het pyrofosfatase echter ook in een dimere vorm actief. Het pyrofosfatase had 
een optimale activiteit bij 70°C en een pH 7,7 (bij 60°C) en werd niet 
beïnvloed door dithiotreitol, natrium dithioniet of KCl. Het enzym was zeer 
specifiek voor pyrofosfaat (PPi) en Mg2+. Magnesium kon gedeeltelijk 
vervangen worden door Co2+ (15%). De reactie werd in aanwezigheid van 24 
mM Mg2+ voor 60% geremd door 1 mM Mn2+. Verder werd het enzym door 
kalium fluoride geremd (50% bij 0,9 mM). Analyse van de reactiekinetiek 
gaf een positieve coöperativiteit te zien voor zowel Mg2+ als PPi met Hill 
coëfficiënten van respectievelijk 3,3 en 2,0. Onder de experimentele condities 
werd de Km voor Pi en Mg2+ bepaald op 0,16 mM en 4,9 mM. De VmaA werd 
geschat op ongeveer 570 U/mg. Dit is waarschijnlijk een onderschatting daar 
de enzymactiviteit gevoelig is voor verdunning. 
In de tweede plaats bleek M. thermoautotrophicum een tripolyfosfatase 
activiteit te bevatten (Hoofdstuk 6). Het tripolyfosfatase werd in vijf stappen 
gedeeltelijk gezuiverd (340 maal) en vervolgens gekarakteriseerd. Het 
tripolyfosfatase had een optimale activiteit bij een temperatuur van 85°C en 
een pH 9,7 (bij 60°C). Naast tripolyfosfaat konden in mindere mate ook 
hogere polyfosfaten als substraten fungeren zoals tetrapolyfosfaat (57%), 
fosfaat glas type-5 (41%) en fosfaat glas type-15 (20%). Pyrofosfaat kon 
echter niet als substraat gebruikt worden. Het tripolyfosfatase was afhankelijk 
van de aanwezigheid van Mg2+ ionen. Optimale activiteit werd gevonden bij 
een concentratie van 6 mM Mg2+. De Km van tripolyfosfaat werd bepaald met 
de geïntegreerde Michaelis-Menten vergelijking en werd op 0.37 mM geschat. 
Verder werd het enzym geremd door kalium fluoride (50% bij 6 mM) en was 
het hittestabiel. Na een incubatie van 2 uur bij 85°C bleek nog 85% van de 
activiteit aanwezig te zijn. 
Ofschoon M. thermoautotrophicum een pyrofosfatase en een tripolyfos-
fatase bevat, waren we niet in staat polyfosfaten te isoleren. Daarom hebben 
we het vermoeden dat deze enzymen niet in het polyfosfaat metabolisme 
betrokken zijn. De functie van beide enzymen lijkt een andere: pyrofosfaat en 
tripolyfosfaat, die bij bepaalde biosynthetische reacties gevormd worden, zijn 
in staat om processen te remmen in het centrale energiemetabolisme van de 
bacterie. De enzymen worden waarschijnlijk alleen gebruikt om de 
concentraties van pyrofosfaat en tripolyfosfaat in de cel op een laag niveau te 
houden zodat de katabole processen voortgang kunnen vinden. 
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